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THE PARTICLE SIZE OF BIOLOGICAL UNITS. A REVIEW 


BY JOHN II. FERCiUSON 

The biologist has long been accustomed to render to the physical chemist 
a certain filial respect. This is born of an admiration for the logical method 
with which observations, carefully performed and accurately correlated, lead 
to tangible conclusions impressed with the stamp of finality b, a successful 
and practical materialism. Granting t he inadequacy of the materialistic view¬ 
point in the study of living things, it is, nevertheless, just this approach which 
has raised modern biology to the dignity of a science. The biologist, who has 
always admitted the handicap imposed by peculiar technical difficulties in con¬ 
trolling his variables—the milieu or environment as he chooses to term it—now 
finds the physicist and chemist discarding the old materialism and appealing 
to mat hemat ics—subt le envoy of met aphysics— f or a new “working hypot hesis. ’' 
To let the matter rest on the mathematical formulation introduces an extra¬ 
neous assumption of bdief— a philosophical “faith,” which a material science 
has tacitly assumed, 80 pleading the justification not of strict logic but of utility 
or practical value. 

This introductory digression is intended not toencumber the disputation of 
a scientific topic with the intangibilities of philosophy, but to temper the judg¬ 
ment of the exact sciences upon the methods and results of biological enquiry. 
tThe conclusions which are upheld by the faith of biologists rank equally with 
the “laws” of the material sciences. Every advance in the exact sciences is 
both a tool and an inspiration to the observer of living things. It is, therefore, 
both an honour and a privilege to address to physical chemists a consideration 
of certain data of some quantitative significance from fields of biology which 
border closely upon their own particular realm. These are fields in which the 
united physical and biological approach has yielded fruitful results by methods 
which are now offered for your considerate criticism. The topic is the particle 
size of such biological units as the filterable viruses, the bacteriophage of the 
Twort-d’Herelle phenomenon, and the genes which modern biology conceives 
to be the ultimate physical units of heredity. 

It is emphasised that these are borderline cases and not as truly represen¬ 
tative of biological phenomena as, let us say, the microscopically visible cell— 
whether animal, plant, or protist in origin. The problem of their size, there¬ 
fore, is not synonymous with their claim to be regarded as “living,” and this 
distinction must be borne in mind to the conclusion of our argument. 

The Filterable Viruses and Bacteriophage 

In 1892, Iwanowski 46 found that the Mosaic Disease of tobacco could be 
transmitted in series by extracts of diseased leaves that had been filtered 
through bacteria-proof porcelain filters. The discovery was confirmed, inde¬ 
pendently, by Bcijerinck, 14 some seven years later. 
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It was in 1897 that Loeffler and Frosch 67 aroused the scientific world by 
the discovery that a similar “filtrate” from the blisters of Foot-and-Mouth 
Disease retains the full potency of the original infective material. No particu¬ 
late matter could be detected in it by the microscope, or by staining the cen¬ 
trifugate. No visible growth occurred in a variety of culture media. 

In 1915, Twort 77 noticed that some bacterial (Staphylpcoccus) colonies, 
isolated from a vaccination pock, underwent a destructive or lytic phenomenon, 
characterised by the appearance, in cultures on solid media, of translucent 
areas. These areas or “plaques” contained an agent which passed readily 
through the ordinary bacteriological filters and reproduced the phenomenon 
in series. It was dependent for its formation and activity upon the actual 
growth of the susceptible bacterium. 

In 1917, d’Herelle 39 recorded a similar phenomenon in cultures of a dysen¬ 
tery bacillus (Shiga), broth cultures of which soon had their turbidity cleared 
up by incubating with a trace of the “filtrate” from the stools of a convalescent 
patient. d'Herelle has studied the problem, which he has named Bacterto- 
phagy, from every angle 3738 . He has accumulated a large body of data and 
drawn many conclusions, some of which have aroused considerable controversy. 

The hypothesis that the bacteriophage (the question of its plurality need 
not concern us here) is of a similar nature to the so-called “filterable viruses” 
is well grounded, and we may conveniently consider them together. Rivers 71 
lists some seventy diseases said to be caused by “filterable viruses.” 

Several conclusions relevant to our present theme now warrant general ac¬ 
ceptance The self-perpetuating agents are exceedingly small. They may be 
active in dilutions as high as 1:10,000 million. They often pass through high- 
grade bacteria-proof filters. They are invisible, or at least unresolved, even 
with a dark-ground microscope which is able clearly to resolve particles of the 
order of 250 millimicra in diameter. 

Nevertheless, they must be regarded as particulate. There is a limit of 
dilution beyond which they do not infect. This cannot be explained away as 
an insufficiency of dosage, for if, say a cc of a bacteriophagic filtrate is within 
this limit of dilution, it will dissolve bacteria in a broth culture of any volume 
-‘9, 99, or 999 cc, it does not matter which (Gratia and de Kruif 33 ). Highly 
infective virus - or ’phage-containing fluids usually pass through the ordinary 
bacteriological filters, but not through the finest, such as the higher grade of 
the Ohamberland bougies. Neither do they dialyse through alcohol-ether col¬ 
lodion membranes which permit the passage of water, crystalloids, and certain 
highly dispersed colloids such as litmus blue. 

The formation of isolated “plaques” or bacteriophage is also indicative of 
a dispersoid nature (d’Herelle, 38 Eijkman 27 ). A suspension containing 10,000 
million 'phage corpuscles per cc—a “corpuscle” (d'Herelle) being defined as 
the least quantity which will carry on the phenomena of bacteriophagy—is 
quite limpid, like the water which forms the continuous phase. It shows, how¬ 
ever, the Tyndall phenomenon. In short, we are dealing with matter in the 
Colloidal State , and, in view of the great advances in recent years in the science 
of colloid chemistry, it is fitting at this time to review our data relating to the 
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probable size of these “living” colloids. We use the term “living” with the 
diffidence expressed in an earlier paragraph. 

The data about to be summarised indicate a range of particle sizes of the 
order of 20-100 m/*, and they have been arrived at by methods which fall into 
three categories: 

1. Optical Methods —Especially ultramicroscopy, and the method of 
photomicrography with very short wave-lengths of “light.” 

2. Bacteriological Filtration —Especially ultrafiltration through collodion 
gel membranes. 

3. Centrifugation —As yet little developed in this field. 

The Ultramicroscopy of the Filterable Viruses 

The applied optics which enters into the theoretical consideration of the 
possibilities of microscopic technique is largely outside the scope of the present 
paper. Barnard 4 may be quoted, however, for the following brief r£sum<* of 
the basic principles: 

“Microscopic objects may be divided into two classes, those that are seen 
by transmitted light, and those that can be made self-luminous. The former 
are seen as the result of partial or of selective light absorption, that is, they 
may be semi-opaque, the elements of structure absorbing more or less light, or 
they may be seen in colour as the result of selective absorption as seen in a 
stained preparation. For the object to be self-luminous it must be illuminated 
in such a manner that no direct light reaches the micro-objective, but only that 
which is refracted, diffracted, or scattered by the object itself. Under these 
conditions the method is known as dark-ground illumination.” 

Both methods are subject to the same limitations, which are due to ( 1) the 
relative opacity or retractility of the object and the medium in which it is sus¬ 
pended, and (2) the “resolving power” of the optical system. Resolution de¬ 
pends upon the microscopic objective—which has now reached the limit of 
technical achievement in lenses* of N.A. 1.40—and also upon the wave-length 
of the light used. With ordinary visible light (average wave-length 550 mp) 
the “limit of resolution” is reached with objects of 0.2 0.25 micra in diameter. 
Of course much smaller particles down to 5 or 10 inillimicra, or even less 82 
may be discerned by ultramicroscopy (Siedentopf and Zsigmondy, 1903 72 ), 
but here we are dealing with “diffraction images” which do not tell us much 
much about the real nature and size of these sub-resolvable objects. Thus, 
d'Herelle 37 describes dark-field observations of particles entering the bacterial 
cell and increasing in numbers when bacteriophagy occurs; but these are not 
critical observations. 

Provided that the increased magnification does not involve an appreciable 
loss of definition, a slight gain may be expected from enlarging the image by 
means of high-powered eyepieces. The new trend in microscopy is to employ 
the short ultraviolet wave-lengths of light in conjunction with quartz lenses 

*This is surpassed in mono-bromo-naphthalene lenses. 
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and a suitable photographic method. The technical details are elaborate and 
the apparatus is very costly and difficult to use in actual practice. Barnard 4 * 6 
has secured good instruments for working with filtered ultraviolet wave-lengths 
of 275, 257 and 232 mp. When the object can be protected against Brownian 
and the other movement (as in special slide cultures) for a sufficient length of 
exposure, photographs showing good resolution down to diameters of 50-100 
millimicra may be obtained. Working with Gye 84 and others, 6 Barnard has 
photographed various viruses and bacteria. The aetiological organism of 
Bovine-Pleuro-pnemnonia , which is probably the smallest micro-organism 
definitely seen and cultured, shows a mature “spheroid form,” averaging 200- 
250 mp in diameter, which buds off young “granular forms” of about half this 
size. This granular phase is a “filter-passer” (v. infra). 

It is claimed that similar, but rather smaller, say, 7 5 m/z, spheroids and 
granules represent the causative viruses of the Rous chicken sarcoma, a mouse 
sarcoma, and even of human carcinoma. The inability of other investigators 
to confirm these results, especially when more rigid controls are made of the 
so-called “accessory factor,” which is said to be present in ultrafiltrates of the 
diseased tissue and to be essential for the activity of the “virus,” leaves us in 
doubt as to the true nature of the bodies which Barnard has photographed. 
Until the crucial experiment has been performed the matter must still remain 
.sub judicr. 

It is of interest to note that recent work lends support to the idea that 
filterable forms may occur as phases in the life-history of a number of visible 
niicro-organiRms, the bacillus of influenza, for instance. 

There is a definite limit to the use of short wave-lengths for ultramicro¬ 
scopy. Just as the shorter wave-lengths of light are extinguished in a fog 
whereas the longer wave-lengths (the red of a Neon sign, for instance) get 
through, so, too, the use of short wave-lengths in microscopy is limited by the 
scattering of light by the molecules which make up the lens system, and the 
refraction image becomes faint and blurred and finally cannot be obtained. 

Staining Methods —A priori, would seem to be futile when we can not even 
see the objects we wish to stain, and, in any case, great caution must be exer¬ 
cised in view of the ease with which one may obtain such artefacts as stain 
aggregates, protein flocculates, and the like. Two observations may be noted, 
however. By mordanting and then overstaining with Giemsa’s stain, fine 
“granules” may be brought out in certain of the cell-inclusions which charac¬ 
terise a number of virus diseases (e.g. y Ledingham, 64 1931). There have also 
been described peculiar “Globoid bodies” in virus-containing filtrates, whereas 
controls do not show the same appearances. Bechhold and Villa 12 (1925) de¬ 
scribe a special method of impregnation with successive layers of gold sols 
(“gilding”) which is claimed to reveal even the micellae of serum proteins. 
Bacteriophage (B. Coli) “particles” were estimated by comparative data to 
have a diameter of greater than 35 m/x and less than 100- 200 m^. Interesting 
as these results are, they must at present be accepted with reserve. 
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From the lack of turbidity of ’phage containing filtrates as compared with 
the well-known milkiness of bacterial cultures (B. Dysenteriae) in fluid media 
von Angerer 2 (1924) computes for bacteriophage a diameter of less than 
20-30 m/i. 

Filtration Techniques 

Since the method of ultra-filtration, in spite of all its difficulties, has been 
relied upon more than any other single method for determining the particle 
size of viruses and bacteriophage, we may allude to the variables known to be 
involved, and the methods whereby they may be controlled. 

As with all biological experiments full controls must be run throughout. 
Protocols should include details concerning animals , cultures , and media used: 
also apparatus, and methods of sterilization. Sterilizing methods include: (i) 
aseptic method of preparation, (ii) especially in conjunction with an ultra¬ 
violet light chamber (Elford 28 ), (iii) autoclaving in alcohol-vapour, which 
tends to alter the permeability of the membrane, (iv) hot-air sterilization for 
metal parts, etc. 

The Membrane: (a) Composition —is usually acetic-collodion (Bechhold, 9 
1906), or, in Elford’s 30 recent formulae (1931), the ‘gel’ which is deposited by 
amyl alcohol from an ether-alcohol-acetone solution of nitro-cellulose in such 
a way as to preserve the “orientation” which gives to ether-alcohol collodion 
membranes the high grade of uniformity they are known to possess. The 
lower the percentage of collodion the higher the permeability. Ordinary ether- 
alcohol collodion membranes are unsuitable because they are quite impervious 
to viruses and bacteriophage. The siliceous bacteriological filters such as the 
Chamberland, Berkefeld, Mandler, Seitz, etc. (Mudd 66 ) are not sufficiently 
uniform. 

(b) Thickness—should be standardized by a suitable method of depositing 
layer by layer, or by a roller device such as that of Elford 28 (1929). 

(c) Pore-size (average)—may be determined from the permeability to 
water or to air under pressure. The formulae used for the calculation invoke 
Poiseuille’s law for the flow of fluids through minute channels such as pores or 
capillaries; (Bechhold, 10 * tl Bartell, 6 Hitchcock, 42 Bjerrum and Manegold, 18 and 
Elford 28 ). 

(d) Electrical-charge on membrane—may be estimated from its adsorption 
powers for a range of filterable dyestuffs in buffered solutions. 

The Suspension: (a) Electrical charge on the suspended particles can be 
estimated by cataphoresis (von Angerer, 2 Olitzky and Boez 68 ). The filtration 
should be conducted with buffered solutions in which the particles have the 
same sign as the membrane charge so that electro-adsorption is reduced to a 
minimum. The iso-electric point of foot-and-mouth disease virus, by cata- 
phoretic measurements, is at pH = 8.0, and collodion membranes are nega¬ 
tively charged. Hence an alkaline reaction, pH = 8.5^, is advocated (Olitzky 
and Boez 68 ). 

(b) The Medium in which the particles are suspended is important owing to 
(1) adsorption and (2) surface tension. Bronfenbrenner 23 showed that a col- 
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lodion membrane just impervious to bacteriophage would let it through if 
washed with broth, but not if washed with saline or a buffered phosphate solu¬ 
tion of the same pH as the broth. Elford’s 28 method of adjusting the protein 
content of all suspensions by dilution and the addition of horse serum, has 
something to recommend it. 

(c) The Purity of the particulate agent itself, is a knotty problem, which 
for all practical purposes must be considered insoluble. There must always be 
traces of medium, cell-debris, and the like, adsorbed to the particles we are 
studying. Nevertheless, certain methods of purification which employ cata- 
phorcsis in addition to ultrafiltration (Bronfenbrenner 26 ) or diffusion into agar 
(Krueger’s modification 61 of Arnold’s 8 method) have yielded “purified” bac¬ 
teriophage preparations free from all traces of protein according to chemical 
and biological (immunological) tests. The trace of nitrogen still present in 
Krueger’s material is about twice that of the culture medium. Most investi¬ 
gators in the present field have been content to use non-purified material with 
just a rough preliminary filtration through the coarser (“preliminary”) grades 
of bacteriological filters. 

(d) The actual Concentration of the agent we are dealing with, is obviously 
a matter of conjecture. For bacteriophage we have several methods of com¬ 
parative determinations, viz., (i) the “serial dilution” method; (2) the “plaque 
count”; and (3) Krueger’s new method, 68 depending upon the time taken to 
reduce the turbidity of standardized bacterial suspensions to a pre-determined 
standard. (A limit of error of ±3-5% is claimed for this method.) For viruses 
we have only the very inaccurate method of the minimal infective dose. 

The Actual Conditions of Filtration must be strictly uniform. 

(a) The Temperature must be constant. 

(b) The Time Factor must be controlled, for some organisms, given time 
enough, may actually grow through bacteriological filters, while others such 
as the spirochaetes may wriggle through. 

(c) The Volume of Filtrate should not be more than a few cubic centi¬ 
metres. There are always a few “pores” in the membrane which are considerably 
larger than the “average pore-size,” and the greater the amount of filtrate the 
more chance there is of a stray particle getting through. 

(d) Filtration Pressure is very important. Preliminary tests will indicate 
what pressure each grade of membrane will withstand (Elford 28 ). Always 
work well within this limit, usually not employing pressures higher than a few 
centimeters of mercury. Zinsser and Tang’s 81 method of noting the perme¬ 
ability to water both before and after the actual filtration affords a good and 
simple method of testing the integrity of the membrane. 

The Results 

Elford 80 has perfected his membranes to a sufficient extent to be able to 
relyupon their estimated “pore-size” as an index of the sizeof particles filtering 
through. Most other results, however, depend upon comparisons with col¬ 
loidal solutions of known particle size. Now that the methods of determining 
such particle sizes have been greatly improved, these “standards” would ap- 
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pear to offer a real value if full attention is given to the electrical charge and 
other adsorption factors when the actual comparisons are made. The com¬ 
plete fulfillment of all the experimental controls we have outlined as an ideal 
which, although practicable, has not been realized, albeit one or two workers 80 * 68 
have come very near to it. The appended text-figure shows the agreement be¬ 
tween the results of a number of authors quoted either because of the excel¬ 
lence of their technique or because of the historical sequence. Additional 
references are to be found in the bibliography. The data point to a range of 
particle sizes between 20 m/x and 100+ m/x, with the “granules” of the organ¬ 
ism of bovine pleuro-pneumonia at the upper end, and bacteriophage at the 
lower. Some observers think that bacteriophage is even smaller than 20 m/x. 
Krueger , 62 in particular, finds that his “purified” ’phage passes through 4.5 
5.0% membranes, (as compared with 1.5-3.0% membranes which are the 
usual limit for ’phage and viruses). He estimates its size at about 5 millimicra. 

Some of the data in the literature may be too low because of “leaky” filters. 
Other figures are too high because the particles are not sufficiently freed from 
gross impurities. Adsorption to cellular debris is the probable explanation of 
the non-filterability of such viruses as rabies, vaccinia, chicken-pox, and her¬ 
petic encephalitis. It is not always a mere question of size. 

Sedimentation Experiments 

Apart from the concentration of adsorbed viruses (like vaccinia) by centri¬ 
fugation at, say, 6000 9000 r.p.m., 19 the ordinary speeds of centrifugation em¬ 
ployed in the bacteriological laboratory are inadequate to alter the distribution 
of viruses or bacteriophage in “filtered” suspensions. The only positive results 
from sedimentation experiments are those of d’Herelle, 38 who found that a bac¬ 
teriophage for a Dysentery Bacillus , when allowed to stand for 11 months, be¬ 
came ten times more concentrated in the bottom layers than on top. Using a 
Jouan centrifuge at 12,000 r.p.m. for half an hour, he found that a suspension 
containing at the outset some 1750 millions per cc of ’phage “corpuscles”’(v. 
supra), resolved itself into an uppermost layer of 50 millions and a lowermost 
layer of 3700 millions per cc. He was unable completely to free the upper 
layers of ’phage corpuscles, and his results have not been confirmed. 

The Size of Genes 

It is the triumph of modern genetics to have adduced powerful evidence to 
show that the hereditary transmission of units of physical character is bound 
up with the behaviour of microscopically visible cell structures, especially the 
Chromosomes 76 into which the nuclear chromatin condenses during cell division. 
It has been found from breeding experiments that character units do not dis¬ 
tribute themselves merely by “free assortment,” as the original conception of 
Mendel 69 (1865) presupposed. Bateson and Punnett 7 (1906) showed, in the 
sweet pea, that characters tend to remain together, “linked” into a number of 
distinct groups. The fruit-fly (or vinegar fly), Drosophila Melanogaster 9 has 
proved a remarkably valuable object for breeding experiments. Morgan and 
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his co-workers 20 ^’ 74 examined some 20,000,000 of these flies, all with carefully 
noted pedigrees. They discovered some 400 “mutants,” i.e., new types of in¬ 
dividuals with one or more altered genetic or hereditarily transmissible char¬ 
acters. These characters can be paired off into alternatives or “allelomorphs.” 
They fall into just four linkage groups , and it is highly significant that each cell 
of Drosophila during its division contains four pairs of chromosomes, that is, 
four of maternal and four of paternal origin. In the mature germ and sperm 
cells, by a process of ‘'reduction division,” the chromosomps are reduced to 
four in number—the halved or haploid number. By observations on specimens 
which chance to have one of the chromosomes missing, it is easy to determine 
which chromosomes correspond to each linkage group. The group of char¬ 
acters associated with the sex chromosome is an especially profitable field of 
study. This linkage group contains some 150 characters in Drosophila melano- 
gaster. 

To the rule of “linkage” there is an important exception termed crossing r- 
over. u Thus, in mating a yellow-wing + white-eye female fruit fly to a “wild- 
type” male with gray-wings + red-eyes, all the daughters are found to have 
gray-wings + red-eyes, and all the sons have yellow-wings + white-eyes. If 
these are inbred, 98.5% of the offspring (F 2 ) are like the grandparents, i.e., 
they have either yellow-wings + white-eyes or gray-wings + red-eyes. We 
have, therefore, two “allelomorphic (alternative) linkage groups, yellow-wing 
+ white-eye and gray-wing + red-eye. However, 1.5% of the offspring of the 
second (F 2 ) generation have either yellow-wings + red-eyes or gray-wings + 
white-eyes. In these the linked characters are said to have “crossed-over.” 
Crossing-over usually takes place in “blocks” because the character-units tend 
to stick together. The frequency with which a character tends to cross-over 
was shown by Sturtevant 74 to give an index of its closeness to other characters 
in the same linkage group with which the frequencies can be compared. Each 
“genetic unit” may be considered to have a definite “locus” on its chromosome, 
and the different “loci” form a linear chain for which a map may be con¬ 
structed from frequency-of-crossing-over data. The least frequent crossing- 
over represents the nearest thing to the ultimate genetic unit now known as the 
( 7 <w f3 --and is provisionally estimated (Muller, 66 Morgan 61 ), as one-fifth of 
Sturtevant’s “genetic units,” but it may be considerably smaller than this. 
Assuming that the “genes” are of equal size and evenly distributed along the 
“gene-string” (or chromosome), tentative and rather crude computations of 
the upper limit of their size may be made, in several ways, as suggested by 
Morgan in his Croonian lecture of 1922. 61 

By computing, from fixed and stained sections, the average volume of the 
head of the spermatozoon of Drosophila melanogaster, Morgan presumed that 
I his might be taken as a very rough approximation to the total volume of the 4 
chromosomes (haploid number) it contained. Crossing-over data suggested 
5 X the known number of genetic units as a conservative estimate of the total 
number of genes present. It is justifiable to assert from these data that the 
genes (if assumed to be evenly distributed) are not larger than 77 mp in 
diameter. 
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The chromosomes, .when measured at the “metaphase” of mitotic-division, 
have fairly uniform width of about 0.211 and respective lengths of 1,8/u (I), 2.5/u 
(II), 3.0/11 (III), 0.2 11 (it’), totalling 7.5/u in all. Their (cylindrical) volume is 
therefore 0.236/u 8 . Dividing by the number of genes (2000, v. supra), and com¬ 
puting the gene diameter, we get a value of 60 m/u. 

A still simpler method is to assume that the fully stretched-out chromo¬ 
some of the “thin-thread stage” of conjugation during cell-division has all its 
component genes arranged end-to-end. In the case of Chromosome II, this 
chromosome length may be taken as 1 ifi. Some 110 genetic units are known 
to be associated with this chromosome, and we may take 5 X this number as 
an estimate of the number of genes. If each gene takes up an equal fraction of 
the “gene-string” the width should occupy about 20 m/u. 

A figure of 65 m/u is obtained if the chromosome volume is used, the data 
being given in the second method. * 

Many of the assumptions involved in the foregoing calculations are un¬ 
warranted, but the error is always on the upper side. A diameter of 20-80 m/u 
may, therefore, be accepted as a limiting value definitely above the gene size. 
How far below this limit the gene may be still remains for future elucidation. 

More recent cynological data have accrued from measurements of the chro- 
momeres , or chromatin aggregates into which the chromosomes of some species 
are definitely subdivided. Belling 15 has recently photographed the tiny chro- 
momeres of the L'lhj. They average 0.5- 0.1/u (or less) across. At the limits of 
microscopic visibility, with unusually powerful instruments, he discerns a 
single central dot in each chromosome. This dot is probably less than o. i^t in 
diameter. The possibility that this “central dot” is the “locus” if a single 
gene is a possibility, but is rendered unlikely by data (from other species) 
which indicate a much smaller number of chromomeres than of hereditary units. 

Conclusion 

Our data concerning the size of the biological units which we have con¬ 
sidered are peculiarly difficult to weave into a definite conclusion. On the whole, 
they are somewhat too large to reconcile with physico-chemical data concern¬ 
ing the size of the largest known (or suspected) molecules. The lowest esti¬ 
mates of bacteriophage size (5 m/u) are close to Svedberg's 76 values for the 
haemoglobin molecule. An average figure of 50 m/u in diameter for our bio¬ 
logical entities means a volume of a thousand times as great, with room for 
many hundreds of molecules the size of proteins. The conception of a self- 
perpetuating catalyst of molecular (? protein) size is an alluring prospect to 
the materialist in search of the “Protyle” of life. Speculation is fruitless, how¬ 
ever, until such entities are definitely established by physico-chemical data on 
the one hand, while the biologist from his viewpoint recognizes their “vital” 
powers of reproduction, assimilation, and adaptation. It is perhaps insuf¬ 
ficiently stressed that genetic phenomena (viewed in their evolutionary sig¬ 
nificance) are criteria of the “living” which diverge considerably from the 


•Author's calculation. 
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sequence of inorganic changes. Life still is a great mystery, and in the creed 
of the biologist its essence is that peculiar “integrative force” which still defies 
analysis. For the biologist, Biology, and not materialism, must yet remain 
the “working hypothesis.” 
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THE PHYSICAL STRUCTURE OF ELASTIC COLLOIDS 


BY W. F. BU8SE 


Introduction 

Gelatine, rubber, polystyrene, polyesters, soap, ehloroprene, etc., differ 
widely in chemical properties, but they have one outstanding physical prop¬ 
erty in common—under the proper condition their limits of elastic deforma¬ 
tion are enormously higher than those of any similarly shaped crystalline 
material. Efforts to discover by chemical methods the cause of this high elas¬ 
ticity have not been particularly successful, though they have shown that 
linear polymers of sufficiently great molecular weights are often highly elastic. 
The attempts to find a physical explanation of the elasticity in some cases have 
been partially successful, but no thoroughly satisfactory theory is available . 1-9 
The physical theories which have been proposed range from one which assumes 
the presence of tiny gas bubbles in the material to others which postulate a 
two-phase brushwork structure, or which assume the existence of helical mole¬ 
cules that act as tiny springs. Although some of these physical theories are 
satisfactory in limited fields, they usually are not valid for any wide range of 
materials, and difficulties are often encountered in applying them to a new 
field. This is illustrated by the attempt to account for the elasticity of rubber 
on the basis of the two-phase theory of the structure of gelatine gels . 8 

In this paper the mechanics of the process of elastic deformation is analyzed 
in the attempt to discover the fundamental general conditions which are neces¬ 
sary and sufficient to produce a high degree of elasticity in any material, and to 
formulate these factors as precisely as possible. The result is an explanation 
which appears to be more general and comprehensive than previous theories. 
It is shown that the factors which explain the high elasticity the great 
extensibility and recovery) will also account for other properties such as swell¬ 
ing in solvents, hysteresis, elastic after-effects, etc., which often accompany 
high elasticity. While specific chemical properties of individual systems are 
not considered in this analysis, the theory of the physical factors responsible 
for elasticity is quite helpful in suggesting physico-chemical methods of modi¬ 
fying the properties of various elastic systems. One result of this study has 
been the production of fibrous and cellophane-like rubbers with rather unusual 
properties. 

1 Staudinger: Ber., 62 , 2893 (1929); Kolloid-Z., 53 , 19 (1930). 

1 Meyer and Mark: “Der Aufbau der hochpolymeren Substanzen” (1930). 

s Carothers: Chem. Rev., 8, 353 (1931). 

4 Whitby: J. Phys. Chem., 36 , 198 (1932). 

1 Herzog: Kolloid-Z., 53 , 46 (1930). 

6 Haller: Kolloid-Z., 56 , 257 (1931). 

7 Von Weimarn: Alexander’s “Colloid Chemistry,” 3 , 89 (1931). 

*Bary and Hauser: Rev. g6n. caoutchouc, 5 , No. 42, 3 (1928): Rubber Age, N. Y., 
23 , 685 (1928). This contains a good summary of early theories of the structure of rubber. 

• Freundlich: “Colloid and Capillary Chemistry” (1926). 



THE PHYSICAL STRUCTURE OF ELASTIC COLLOIDS 1 5 

Concepts included in the Term Molecule 

In considering the structure of elastic colloidal materials, the gross physical 
properties are usually explained in terms of the properties of the primary units, 
or molecules. This, however, leads to confusion unless the various concepts 
included in the term molecule are clearly differentiated. An analysis of this 
term along the lines indicated by Bridgman 10 would be of great help in this 
field, and it is to be hoped that someone will carry it out. 

For purposes of this discussion at least three concepts or three types of 
units which are more or less vaguely included in the term molecule are recog¬ 
nized. The first is the chemical molecule, which is defined as the smallest 
unit possessing the chemical properties exhibited by a large mass of the mate¬ 
rial. In this sense the chemist requires the molecules of acetylene, benzene, 
acetic acid and salt to be written C2H2, CeHe, CH3COOH, and NaCl, respec¬ 
tively These formulas are usually consistent with the common ideas of 
valence; organic chemists, therefore, sometimes define a molecule as a group of 
atoms held together by primary valence bonds. Under this latter definition, 
however, any perfect diamond must be regarded as a carbon molecule, and the 
so-called molecular compounds are excluded. For practical purposes—?.e., 
for writing equations—the chemical molecules of solid elements such as iron, 
sodium, carbon, etc. are considered as single atoms, and the molecules of solid 
compounds are the smallest groups of atoms 1 hat possess the observed ratios 
of the elements in them, making the copper sulfate molecule CUSO4 5H2O, the 
iron carbide molecule Fe^C, etc. 

A second concept included in the word molecule may be called the physical 
molecule. This unit will acquire from thermal vibrations an average of 1/2 kT 
ergs of energy for each of three translational degrees of freedom, neglecting 
quantum restrictions. It is sometimes identical with the chemical molecule, 
especially in the gaseous state, and the chemist uses this concept of a molecule 
when he writes the molecules of common gases as H 2 , N 2 , 0 2 , Cl 2 and when he 
uses the weight, in grams, of 22.4 liters of a material in the gaseous state under 
standard conditions as the gram molecular weight. However, physical mole¬ 
cules also include such units as H, He2 f , CHs, which, though not very stable, 
can be recognized from band spectra; the particles of gold or mastic in colloidal 
solutions are also good examples of physical molecules. The sizes and weights 
of the physical molecules of a substance may change with temperature, rate of 
shear, and other factors, thus differing from the chemical molecules which, by 
definition, are invariants for a given substance. 

When molecular weights are determined by cryoscopic or ebullioscopic 
methods it is the average weight of the physical molecules which is obtained. 
When this weight is not consistent with the chemical formulas, special assump- 
tions such as association, ionization or solvation are made to explain the results 
without always recognizing that several different concepts of molecules are in¬ 
volved. In general, the molecule of the organic chemist is both the physical 
and the chemical molecule, and cryoscopic methods may, therefore, be used to 


10 “Logic of Modem Physics” (1927). 
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determine chemical molecular weights. If there is a discrepancy between the 
chemical and physical molecules, however, as in the case of acetic acid in a 
benzene solution, the organic chemist considers only the chemical molecules. 

The distinction between physical and chemical molecules has been empha¬ 
sized before, but the use of these concepts interchangeably still causes confu¬ 
sion in our thinking and discussions. This is particularly apparent in the field 
of colloids where the distinction between the two concepts is" more important 
as well as more difficult to make, and because a third concept has crept into 
use which should be distinguished from the first two. When Einstein’s equa¬ 
tion is used to determine molecular weights by viscosity methods a third con¬ 
cept is introduced into the term molecule and in some cases a new unit is 
measured. This is a mechanical unit, the group of atoms which hold together 
when the material is subject to a shearing stress. To show its relation to the 
other units and to emphasize the broadness of the accepted usage of the term 
molecule, this unit will be called a “mechanical molecule.” 

The value of this concept is brought out in the case of compounds which 
form normal solutions in one solvent while in another they form gels even at 
very low concentrations. Viscosity measurements of these solutions do not 
reveal much about the chemical molecules, though they may indicate the size 
of the mechanical molecules. 

In gases and possibly in most liquids the physical and the mechanical mole¬ 
cules are identical, in liquids such as mercury, some of the mechanical mole¬ 
cules probably are also chemical molecules. In solids and in some colloidal 
solutions, where structures are built up through association forces, the physical 
and mechanical molecules may be quite different. When the units become 
very large, as in a macroscopic crystal or piece of a gel, the concept of the phy¬ 
sical molecule becomes relatively unimportant, since the kinetic energy of 
translation acquired from thermal vibrations by a large particle plays only a 
small part in determining its properties. However, the larger the size of the 
units which hold together under a shearing force, the more important they are 
in determining the mechanical properties of a system. It is possible that in 
some cases the difference between the physical and mechanical molecule in a 
solid is merely a difference in point of view, but in other cases there seems to be 
a clear-cut physical distinction. In thixotropic systems such as vanadium pent- 
oxide gels for example, the physical molecules of vanadium pentoxide may 
contain very large numbers of V 2 0 B particles. At very small shearing stresses 
the mechanical molecules may also be large groups of V 2 0 & particles, but at 
large shearing stresses the mechanical molecules may be the single V 2 Ob par¬ 
ticles or micelles. The single water molecules, H 2 0 , as well as the polymers 
and perhaps the cybotactic groups 11 (H* 0 ) n are also mechanical molecules, the 
proportions of the different groups perhaps varying with temperature, rate of 
shear, etc. 

The size of the mechanical molecule thus is not an invariant, as it changes 
not only with temperature, rate of shear, etc., but also, particularly in thixo- 


u Stewart: Rev. Modern Phys., 2, 116 (1930). 
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tropic systems, with the time of standing at rest. This is a part of the strength 
as well as the weakness of the concept; for, since it applies to a unit which can 
vary as conditions change, its use is not limited to infinitely dilute solutions or 
gases. The concept applies, for example, to gelatine or rubber solutions or 
from the most dilute (where the units of the solute which hold together during 
shear may be chemical molecules) to concentrated gels where association, 
thixotropy, etc., play important parts; it also applies to solids where the units 
held together by secondary forces may be more important than those held to¬ 
gether by the primary valence forces. 

The use of the concept of mechanical molecules makes it possible to avoid, 
for the time being, the problem of distinguishing between chemical molecules 
and micelles in dilute solutions, since from the standpoint of the mechanics of 
flow such a distinction is unnecessary. Likewise, the use of this concept clari¬ 
fies other problems concerning the structure of solids, such as the question, “Is 
vulcanization a chemical or physical reaction?”, by pointing out that it is the 
structure of the mechanical units which is important, whether these units are 
formed by physical or chemical means. It should be emphasized that our con¬ 
cepts are bound up with our methods of measurement and the concepts have 
value only when they are useful. In this paper the term molecule will be under¬ 
stood to be the mechanical molecule, except when it is specifically stated other¬ 
wise, since in most cases the chief interest is in the mechanical properties of 
the systems. 

Ultimately there will probably be a quantum mechanics theory of mole¬ 
cular structure 1213 * 14 which will make the above divisions obsolete. However, 
until then, when these limited concepts must be used, there should be an 
awareness of their defects as well as of their advantages. 

The Structure of Elastic Colloids 

The outstanding properties which must be explained by any satisfactory 
theory of the structure of elastic colloids are: 

1. High elasticity— i.e. f large deformations which are followed by re¬ 
covery to substantially the original size and shape upon removal of the de¬ 
forming force. 

2. Storing up free energy on deformation and the return of a large part of 
it as external work during the recovery. 

3. Hysteresis. 

4. Elastic after-effect, or slow recovery long (even days) after the deform¬ 
ing force is removed. 

5. Swelling in suitable liquids, and sometimes dissolving to give solutions 
of high viscosity. 

In addition, the theory should not be inconsistent with such specific prop¬ 
erties as the Joule heat, X-ray fiber diagrams, etc. It should also account for 
the fact that many gels are elastic, though not all elastic bodies are gels. 

“Heitler: Z. Physik, 31 , 185 (1930). 

u Mulliken: Chem. Rev., 9 , 347 (1931); Rev. Modern Phys , 4 , 1 (1932). 

14 Pauling: Chem. Rev., 5 , 173 (1928). 
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The fact that elastic colloids can be deformed several hundred percent and 
then recover to their original shape implies the existence of structural units in 
the material which also have this property. The unit cannot be the atom, for 
work on the strength of crystals 16 and metals, 16 on band spectra, 18 and on the 
Raman effect 17 has shown that a very great force is required to increase the 
distance between adjacent atoms in a molecule or crystal by as much as 30%, 
and rupture or plastic flow occurs at relatively low elongations. To make 
possible the elongations observed in elastic colloids, it is ^essential, then, to 
have some unit of mechanical structure made of groups of atoms to magnify 
the limited deformability of the single atoms. Many such structures have 
been proposed, but in most cases the authors have suggested molecular ar¬ 
rangements which are not common to all elastic colloids (helical rubber mole¬ 
cules, for example) or they have not clearly recognized the essential factors 
required to produce elastic structures (two-phase gel theories). An analysis 
of deformation processes indicates that the property of high elasticity requires, 
and is produced by, the following factors: 

1. Groups of atoms which form strong, somewhat flexible fibrous units. 
These mechanical molecules may be physical or chemical molecules as well. 

2. Weak or uniform cohesive (secondary valence) forces around the fibers. 

3. An interlocking of the fibers at a few places along their length to form 
a three-dimensional network. This interlocking of the fibers may occur through 
chemical combination, by secondary valence forces, or by mechanical entangle¬ 
ments. 

4. A means of storing up free energy in the fibers during deformation. 

Evidence for the existence and importance of these conditions in elastic 

colloids will be given, and then it will be shown how these criteria of the neces¬ 
sary and sufficient conditions for high elasticity help to correlate and explain 
some of the specific physical properties of rubber. 

1. Long Fibers. The existence of a fibrous brush work structure in two- 
phase gels is generally recognized. Such an arrangement is necessary to ac¬ 
count for the fact that gels may be obtained containing only a few tenths of a 
percent dry solid, 18 and that the rate of diffusion of molecules or ions through 
a gel differs only slightly from that in a sol of the same concentration. 21 

Usher and co-workers 19 * 20 found that during the gelation of a gamboge sol 
one could actually observe the particles line up into filaments which form a 
three-dimensional network, and they inferred that a similar structure existed 
in gels of cadmium sulfide and other lyophobic materials. They also found that 
the viscosity of gas black and starch suspensions varied with the pressure 
only when there was a flocculated structure that could easily be broken up by 
small shearing forces. By means of a non-uniform dark field illumination, 

u Joff6: “Physics of Crystals” (1928). 

1# Mehl: J. Am. Chem. Soc., 52 , 534 (1930). 

17 Andrews: Phys. Rev., (2) 35 , 662 (1930). 

18 Holmes and Maxson: Colloid Symposium Monograph, 5 , 287 (1928). 

18 Usher: Proc. Roy. Soc., 125 A, 143 (1929). 

, 80 McDowell and Usher: Proc. Roy. Soc., 131 A, 409 (1931). 

41 Reference 9, p. 727. 



THE PHYSICAL STRUCTURE OF ELASTIC COLLOIDS 


19 


Szegvari 22 showed that the ultramicroscopic particles of V 2 0 6 formed filament 
or needle shaped groups when the V2O5 sols set to a gel, and recent work on 
the dielectric constants of thixotropic systems indicates that the filament 
formation during gelation is due to the contact and adhesion of the solid 
particles to each other, rather than to any immobilizing of the surrounding 
liquid.* 3 

Even in lyophilic gels, much of the liquid is mechanically entrapped in the 
interstices of some open structure rather than being bound by a chemical sol¬ 
vation, for one liquid in a gel can often be replaced by another of markedly 
different chemical properties without greatly changing its physical properties. 
The water in a gelatine gel, for example, may be replaced by organic liquids, 
or in some cases even by air. 24 - 26 

X-rays have shown that elastic materials which are not two-phase systems 
also contain fibrous units. Crude and vulcanized rubbers show an x-ray fiber 
diagram when stretched, 26 as do stretched dried gelatine 27 and synthetic linear 
high polymers, provided their molecular weights are great enough. 3 - 428 ' 29 
Solutions of these materials have high viscosities and show streaming double 
refraction. 30 For reasons discussed below a swelling agent must be used with 
some of these compounds to obtain high elasticity at ordinary temperatures. 

While some sort of a fibrous mechanical structure is essential for high elas¬ 
ticity, the shape, stiffness, kinkiness, etc., of the fibers may vary widely among 
different systems. Nothing very definite is known about the precise shape of 
the fibers, other than that in materials like rubber, metastyrene, etc., the 
fibers are relatively thin and flexible—perhaps being only a single chemical 
molecule thick at most places—while in a fresh silica gel or a gamboge gel the 
fibers probably are many molecules thick and relatively stiff. 

Purely geometrical considerations show, however, that the molecules of 
rubber do not have a helical shape, as has recently been proposed. 31 - 32 If the 
fibers are twisted so that consecutive double bonds are adjacent to each other 
across one turn of the helix the maximum elongation possible is about 300% 
or only about one-fourth that actually found in rubber. To make possible the 
observed elongations, they would have to be in the form of helixes containing 
16 atoms of 4 double bonds to a turn. Such a shape would not be stable, how¬ 
ever, due to the tendency of large ring compounds to assume irregular forms 
and to flatten out so that the opposite sides of the ring are adjacent to each 
other. 33 

22 Szegvari: Z. Physik, 21, 348 (1924). 

^Kistler: J. Phys. Chem., 35 , 815 (1931); Kallman and Kreidl: Z physik. Chem, A 
159,322(1932). 

24 Kistler: J. Phys. Chem., 36 , 52 (1932). 

26 Erbring: Kolloid-Z., 57 , 195 (1931). 

28 Meyer and Mark: Ber., 61 , 1939 (1928). 

27 Katz and Gemgross: Naturwissenschaften, 13 , 900 (1925); Gemgross and Katz: 
Kolloid-Z., 39 , 181 (1926). 

28 Carothers, Williams, Collins, and Kirby: J. Am. Chem. Soc., 53 , 4203 (1931). 

29 Carothers and Hill: J. Am. Chem. Soc., 54 , 1566, 1579 (1932). 

30 Signer: Z. physik. Chem., A 150 , 257 (1930). 

31 Kirchof: Kautschuk, 6, 31 (1930). 

32 Fikentscher and Mark: Kautschuk, 6, 2 (1930). 

33 Reference 3, p. 378. 
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Staudinger's assumption that in dilute solution the molecules of linear high 
polymers are practically straight stiff elastic fibers does not seem reasonable 
in view of the possibility of rotation around single valence bonds, and this as¬ 
sumption is not necessary to explain his viscosity results. The most plausible 
hypothesis of the form of the rubber molecules in solution is that they are 
kinky fibers having a considerable range of lengths which mechanically entrap 
and practically immobilize a large volume of solvent . 84 "this hypothesis is 
consistent with viscosity experiments carried on in this laboratory , 85 and with 
the collision areas of straight chain hydrocarbons calculated from the viscos¬ 
ity of their vapors . 86 

2. Weak Cohesive or Secondary Valence Forces . Long fibrous units alone 
are not enough to produce elasticity. Parts of the fibers must be able to slide 
past each other without great difficulty if there are to be large deformations 
and recoveries. This implies weak or very uniform secondary valence forces 
around the greater part of each fiber, as well as implying a flexibility in the 
fibers themselves. 

The weak secondary valence forces may be due to the arrangement of the 
atoms and so may be a property inherent in the fibers themselves, as is prob¬ 
ably the case in rubber. In other cases the fibers have relatively strong cohe¬ 
sive forces, but these can be effectively weakened or insulated by combining the 
fibers with small molecules which have much weaker secondary valence forces 
—in other words by swelling the fibrous material with a liquid having a low 
viscosity. Numerous examples of producing elasticity by this method are 
known—swelling gelatine with water or glycerine, cellulose esters with dibutyl- 
phthalate, metastyrene with styrene, etc. In fact, this method of producing 
elasticity is so common that it has sometimes incorrectly been assumed that a 
two-phase gel structure was necessary for high elasticity . 8 It is not two phases 
that are necessary, however, but rather forces of two different orders of magni¬ 
tude, strong forces along the fiber and weak forces around the fiber. 

Another way of reducing the magnitude of the secondary valence forces is 
to increase the distance between the molecules by raising the temperature. 
Metastyrene and rubber hydrochloride are made elastic by this treatment, and 
cured rubber loses its elasticity when cooled to sufficiently low temperatures . 67 
Moreover, Bridgman found that rubber lost its elasticity and was very hard 
under extreme pressures. 

Whitby 4 recognized the importance of weak secondary valence forces when 
he attributed the slow recovery and what he called “the sub-permanent set” 
of elastic colloids to a high internal viscosity or an “elastic yield value.” 
However, he states that the cohesive forces responsible for this “elastic yield 
value” are essentially the same as those responsible for the recovery of the 
materials after deformation, a view which does not entirely agree with that 
presented here. Von Weimarn 7 also pointed out that non-uniform “vectorial 

M Haller: Kolloid-Z., 56 , 17 (1931). 

* Busse and Karrer: “The Application of Dunn’s Viscosity Equation to Rubber Solu¬ 
tions,” Atlantic City Meeting of the American Chemical Society, September (1929). 

* Mela van and Mack: J. Am. Chem. Soc., 54 , 888 (1932). 
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force fields” around molecules made it possible to bring them into a rubbery 
state, but he also assumed that a helical structure was necessary for elasticity. 

3. An Interlocking of the Fibers at a Few Places along their Length. The 
high deformability of elastic bodies is not unique, for liquids and plastics are 
easily deformed. It is the high recovery of elastic colloids which puts them in 
a class apart. Shearing stresses can distort and orient long molecules in 
liquids as well as in solids, as shown by the phenomena of streaming double 
refraction, 80 etc. However, when the shearing stress is relieved in liquids the 
molecules quickly slide past each other and assume a random orientation with¬ 
out changing the external shape. In elastic solids the return of the fibers to 
their normal kinky forms makes the whole sample return to its original shape, 
showing that there is an interlocking and binding of the fibrous units at a few 
places along their length which prevents their slipping completely past each 
other. 

The effective strength of the bonds holding the fibers together may vary 
within wide limits, consequently the range of conditions under which a sample 
will be elastic, ( i.e ., will recover almost completely) will be very different for 
different materials. Some bonds may be weak enough to be broken by relatively 
small shearing forces as in the thixotropic ferric oxide sols studied by Scha- 
lek and Szegvari, 87 the weak gels formed in ammonium oleate solutions, or the 
flocculated gas black and starch suspensions studied by Usher. 20 In these 
cases the structure broken by the shearing stresses may again be re-formed 
on standing. Probably the forces which produce a thixotropic structure are 
similar to those causing the flocculation of pigments and the formation of 
crystals. 89 

In other cases the bonds between the fibers are stronger, formed, perhaps, 
by a mechanical entangling of the fibers, aided by the weak cohesive forces 
around the fibers. The structure of crude rubber and metastyrene is probably 
of this type. As one would expect, raising the temperature increases the ease 
of untangling the fibers, and these materials, therefore, show more slippage, or 
permanent set, at high temperatures. 88 Reducing the length of the fibers also 
reduces the chances of the fibers’ tangling, and it is found that milling crude 
rubber, which probably shortens the fibers by an oxidation process 40 * 41 greatly 
increases the flow or permanent set when it is subjected to a given force. 
While unvulcanized, dead-milled rubber flows readily under small forces ap¬ 
plied for comparatively long times, it is nearly as elastic as cured rubber if the 
distorting force is applied for only a short time, 42 i.e., if there is not sufficient 
time for the thermal vibrations to aid in untangling the molecules. 

In vulcanized soft rubber there are much stronger bonds holding the fibers 
together so that flow and permanent set are small at room temperature, though 

87 Kolloid-Z., 32 , 318 (1923). 

* 8 Dieterich: Ind. Eng. Chem., 21, 768 (1929). 

n Jong: Kolloidchem.-Beihefte, 29 , 454 (1929). 

40 Cotton: Trans. Inst. Rubber Ind., 6, 487 (1931). 

41 Busse: Ind. Eng. Chem., 24 , 140 (1932). 

48 Williams: Ind. Eng. Chem., 21, 872 (1929)- 
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they become appreciable at high temperatures or over long times. 4 * This sug¬ 
gests that vulcanization involves a chemical union between different rubber 
molecules, either through direct carbon to carbon bonds, or by means of sulfur 
(or Se, O2, etc.) bridges. 

The number of these bonds that exist in soft vulcanized rubber cannot be 
determined exactly, but some idea may be obtained of ths upper and lower 
limits. The fact that vulcanized rubber can be elongated about 1000 percent 
of its original length indicates that in this system the interlocking of fibers 
cannot be more frequent on an average than about one bond for every ten 
carbon atoms of the chain. This is the upper limit for the number of bonds, 
and the actual number probably is far less than this. The work of Bruni and 
Oberto 44 indicates that a minimum of 0.15% sulfur or one atom for each 315 
CJHs radicals is necessary for vulcanization, i.e., to produce a noticeable 
change in the mechanical properties of rubber. Assuming one bond for each 
sulfur atom, this represents one bond for every 1260 carbon atoms of the chain, 
which is the extreme lower limit for the number of bonds necessary to affect 
the stress-strain curve appreciably. If it is assumed that vulcanized rubber is 
a chemically distinct material, and that two bonds are required for each origi¬ 
nal chemical molecule, these results indicate a molecular weight of the order 
of 20,000 for the particular sample of crude rubber which they used. If the 
theory of elastic deformation presented here is correct, the minimum sulfur 
required for vulcanization should increase with the amount of mastication of 
the rubber. One would also expect the amount of combined sulfur required for 
maximum strength to increase with the amount of mastication and these are 
found to be the facts. 

Blake 46 reports that only 5.2% Se can combine with rubber in the soft 
rubber cure. If we assume that each Se atom forms a bond between two fibers, 
there would be a maximum of about one bond for every 23 isoprene groups, or 
one bond for every 92 carbon atoms in the chain, which, from mechanical con¬ 
siderations, is a reasonable figure. 

The necessity for interlocking of the fibers of a gel at a few places along 
their length was recognized by Kistler, 24 who found that a cellophane 
aero-gel* could be made with a volume 100% greater than the original cello¬ 
phane, yet with nearly the same strength as the original. In the case of sys¬ 
tems made of very flexible fibers such as rubber or gelatine, he could not pro¬ 
duce an aero-gel. However, on stiffening the fibers, as on tanning a gelatine 
gel with formaldehyde, which increased the stiffness of the gel presumably by 
tying different fibers together with strong bonds, he was able to obtain a gela- 
tine-aero gel. 

4. A Means of storing up Energy during the Distortion of the Fibers . 
Since elastic bodies can do work on retraction they must have a means of 
storing up free energy when they are distorted. This energy may in part be 
stored as potential energy in the fibers, because of a slight increase in the dis- 

43 Van Rossem and van der Meyden: Rubber Age, N. Y., 23 , 438 (1928). 

44 Rev. g6n. caoutchouc, 8, No. 75, 19 (1931). 

46 Ind. Eng. Chem., 22, 744 (1930). 
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tance between adjacent atoms in the fibers and through a distortion of the 
valence angles This idea of a stiffness m the fibers is consistent with the con¬ 
cept of tetrahedral carbon atoms 48 and it also agrees with the new wave me¬ 
chanics 47 48 It does not follow, however, that the fibers are even approximately 
straight rods, or that they have the zig-zag shape attnbuted to fatty acid 
molecules closely packed on the surface of water In long molecules, the ther¬ 
mal vibrations instead of causing the molecules to vibrate as thm glass fibers 
might easily cause rotation around single valence bonds to produce a very 
kinky shape Haller 6 has calculated, on the basis of Raman spectra data for 
the energy required to deform valence angles, that if the molecules vibrated as 
rods, the average bending of a paraffin hydrocarbon chain of 100 carbon atoms 
would be an angle of about 16 4 0 , while a chain of 10,000 carbon atoms would 
be bent, on the average, 163 5 0 from a straight lines It follows from purely 
geometrical reasons that thermal vibrations will have a strong tendency to 
restore a kinky shape to long fibrous molecules after they have been straight¬ 
ened by an external force 49 Probably at all tunes there will be a rapid inter¬ 
change of potential and kinetic energy due to thermal vibrations 

When the fibers are in nearly parallel alignment the effect of thermal vibra¬ 
tion m causing contraction may be more than counterbalanced by the tendency 
of the molecules to form crystalline units with evolution of heat This is ex¬ 
hibited as racking and as the Joule heat in rubber, and similar effects are 
observed m chloroprene 28 Such an effect can be expected only when there is 
a uniform periodicity in the intensity of the secondary valence forces such as 
would be obtained when the fibers are made by repeating some simple unit. 

If the recovery of elastic colloids is due to the potential energy stored m 
the distorted atoms and to the effect of thermal vibrations, the elasticity of 
chemically saturated materials such as gelatine, metastyrene, etc , and of un¬ 
saturated ones such as rubber, may be explained on the same basis It is not 
necessary then to account for the elasticity of rubber on the basis of the 
attraction of double bonds across the turns of the helix 26 60 Nor is this helical 
structure necessary to account for the S-shape of the stress-strain curve of 
rubber, for if thte stress-strain curve of rubber is calculated on the basis of the 
instantaneous cross sections of the sample, it is not S-shaped 6162 

This stiffness of the fibers also accounts for the swelling pressure of gels. 
If the fibers are in the normal random kinky shape when a gel such as gelatine 
is formed in solution, the fibers on drying will be distorted as the gel contracts 
m size because of the capillary and cohesive forces After the liquid is 
evaporated, the cohesion between the separate fibers is great enough to keep 
them m their distorted positions, m spite of the thermal vibrations which tend 
to relieve strains at the valence angles On again putting the gel in water, 

46 Kettering, Shutts, and Andrews Phys Rev , (2) 36 , 531 (1930) 

47 Slater Phys Rev , (2) 37 , 481 (1931) 

48 Pauling J Am Chem Soc , 54 , 988 (1932) 

49 Karrer Phys Rev , (2) 39 , 857 (193 2 ) 

50 Fikentscher and Mark Kolloid-Z , 49 , 135 (1929) 

M Hatschek J Soc Chem Ind , 40 , 251 T (1921) 

M Anano India Rubber J , 72 , 271 (1926) 
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the cohesive (or secondary valence) forces around the molecules will be satis¬ 
fied by the smaller water molecules, and the fibers can then untangle so as to 
relieve the distortion as much as possible. 

The swelling of a gel, then, consists of two parts. The first is an adsorption 
of the swelling liquid on the gel fibers by means of the secondary valence forces 
which may involve a liberation of heat. The adsorbed layer effectively 
insulates these secondary valence forces, thus allowing the fibers to move past 
each other and assume a random kinky shape with the minimum average dis¬ 
tortion of the valence angles. This latter part of the expansion may involve 
an absorption of heat, even though there is a decrease in free energy. 

As the swelling continues new positions of strain may be introduced into 
the molecules and these may finally balance any further tendency to swell. 
This limited swelling occurs only when the molecules are long enough to be 
quite firmly tangled or snarled, or when there is a combination of molecules 
through very strong forces (polymerization, etc.) to make the sample a me¬ 
chanical unit, as probably is the case in cured rubber. This effect also appears 
in gelatine gels which have been formed from solutions of different concen¬ 
trations. The amount of water they will again take up after drying will be 
found to depend on the concentration at which the gel was formed, the gels 
formed from dilute sols taking up more water than gels from concentrated 
sols . 63 The contacts made at the time the gel is formed determine the amount 
of swelling that will produce the minimum distortion of the valence angles. 
The anistropic swelling of gelatine gels observed by Sheppard and McNally 64 
also shows that there are strains in the dry gels determined by the conditions 
under which the gels are formed and dried. 

* This theory of the cause of the swelling pressure gives a very simple ex¬ 
planation of the results of Stamberger and Blow , 66 who found that a given 
concentration crude rubber produced the same swelling pressure as dead- 
milled rubber, though one was a swollen gel and the other a relatively mobile 
liquid. The effect produced by the tangled molecules trying to expand and 
minimize the distortion of the valence angles may be visualized as being some¬ 
what similar to the effect produced when a number of tennis balls is placed in 
a cylinder and compressed by a piston. The balls will exert a given pressure 
when compressed a definite amount by the piston, and on removing the piston 
the balls can be poured out of the cylinder. If, however, the balls are coated 
with an adhesive and then packed into the cylinder in the same way and the 
adhesive allowed to dry, the balls will be fastened together wherever they 
come into contact in their undeformed state. The balls will exert the same 
pressure as before when compressed by the piston, and on removing the piston 
the group of balls will regain its original shape, but the individual balls cannot 
be poured out of the cylinder. Similar results would be obtained if the mole¬ 
cules were considered as tangled springs instead of tennis balls. If this pic¬ 
ture is correct, and the swelling pressure is independent of molecular size, it 

M Reference 9, p. 209. 

44 Sheppard and McNally: Colloid Symposium Monograph, 7, 17 (1929). 

** Stamberger and Blow: Kautschuk, 6, 22 (1930). 
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follows that in concentrated solutions, where swelling pressures can be mea¬ 
sured, and for compressive stresses, such as are applied in measuring swelling 
pressures, the volume occupied by the mechanical molecules is proportional 
to their weight. This relation is very different from the results found by 
Staudinger 1 and Fikentscher and Mark 50 for dilute solutions, but it is con¬ 
sistent with the view that in solids and concentrated gels the molecules have a 
more or less compact kinky shape. 

Since this paper was presented, a paper by Meyer, von Susich and Valko 70 
has appeared in which they abandon the idea of a helical rubber molecule, 
and conclude that one must avoid the use of models if he is to get a funda¬ 
mental understanding of the mechanism of elastic deformation. The kinetic 
theory of elasticity which they present emphasizes the factor of thermal 
vibrations of groups of atoms within the molecule, and is consistent with the 
theory given above. 

Application of Theory to Specific Properties of Rubber 

This theory is of value in interpreting and correlating many of the specific 
physical properties of elastic systems. In the case of rubber, for example, the 
theory does not tell anything about the proper accelerators of vulcanization 
to be used to produce definite propertied such as low permanent set, or low 
hysteresis, or high elongations. However, accepting the view that crude rub¬ 
ber consists of long, kinky, fibrous molecules, and that soft rubber vulcaniza¬ 
tion produces strong (presumably chemical) bonds between the molecules of 
crude rubber, one would expect, and actually finds, the following physical 
properties accompanying those already considered. 

j. Creep and Elastic After-Effect . Even with relatively weak cohesive 
forces around the fibers one would expect that any large elongation or re¬ 
covery would cause the kinky fibers to move so far that some parts would 
become jammed or tangled up in intermediate equilibrium positions. The 
energy of thermal vibrations would then cause the jammed groups of atoms, 
or parts of fibers, to escape slowly from these temporary equilibrium positions 
and become at least partly untangled. This produces a slow creep after the 
initial rapid elongation, when the sample is stretched by a constant load. If 
the rubber is stretched to a constant elongation, this untangling will be mani¬ 
fested as a slow decrease in the stress. 

When a stretched sample of rubber retracts, groups of atoms again have 
to move considerable distances past other rubber molecules, and there is as 
much chance of these groups jamming in intermediate equilibrium positions 
as there was during the stretching. These tangles are undone only when the 
energies of the thermal vibration are great enough to move the groups out of 
the intermediate equilibrium positions. The resultant continued retraction 
is the elastic after-effect. 

A mathematical treatment of this process is very difficult, and only by 
making some rather improbable assumptions was it possible to derive rela- 

70 Meyer, von Susich and Valko: Kolioid-Z., 59 , 208 (1932). 
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turns between length and time which approximately fit the experimental re¬ 
sults. Phillips , 66 found that the increase in the length on stretching for vul¬ 
canized rubber was given by the formula 

E = a + b log t 

where E is the increase in length, t is the time, a and b are^constants. For 
unvulcanized rubber the formula was of the type 

log E = a + b log t 

Work in this laboratory has indicated that the latter formula is valid for cer¬ 
tain kinds of vulcanized rubber, also. 

This explanation of the elastic after-effect, of course, is analogous to the 
explanation of the slowness of many chemical reactions. A knowledge of the 
temperature coefficient of this process (measured without complicating side 
effects) would permit the calculation of the average amount of energy that 
must be added to a molecule or part of a molecule to remove it from these inter¬ 
mediate equilibrium configurations, or jams, just as a knowledge of the tem¬ 
perature coefficients of chemical reactions makes it possible to calculate the 
heats of activation. 

Elastic after-effects may be produced by the tendency to form fibrous 
crystals, as well as by the mechanical jamming of the fibers. The racking of 
crude rubber is an extreme example of this effect. Here the slowness of the 
retraction is due to time required for the sample to acquire from the outside 
the heat necessary to melt the crystals, so it might be called a thermal elastic 
after-effect. Both types of elastic after-effects are reduced by raising the 
temperature. On lowering the temperature there should be more tangling 
of the fibers and the rate of disentangling should decrease, due to the greater 
magnitude of the cohesive forces around the fibers, causing the modulus of 
rubber to increase as the temperature is lowered, as was found by Mark and 
Valko 67 and by Rosbaud and Schmid . 68 

It may be mentioned that no elastic after-effect other than that due to 
thermal, electrical or other secondary thermodynamic effects can occur in a 
perfect crystal . 69 An elastic after-effect produced by shearing forces requires 
the existence within the sample of groups of atoms held together by strong 
forces and surrounded by weak forces. 

The mechanism of the jamming of large groups of atoms during deforma¬ 
tion and recovery suggested above leads one to expect that rubber will exhibit 
a higher modulus,—that is, a lower elongation for a given force,—if the force 
is applied quickly rather than slowly; this actually occurs. Further evidence 
for the jamming and tangling of the molecules on distortion is found in the 
experiments of Prache . 80 On loading a sample of crude rubber with a 400- 

66 Phys. Soc. London, January 29 (1905). 

S7 Rev. g6n. caoutchouc, 7 , No. 64, 11 (1930). 

M Z. tech. Physik, 9 , 98 (1928). 

M Reference 15, p. 23. 

•° u Le Caoutchouc and Gutta Percha,” 15003 (1930). 
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gram weight he obtained a certain elongation. On reducing the weight to 100 
grams the sample contracted to a length less than it would have had if this 
100-gram weight had been applied originally. After this contraction the 
sample then slowly stretched to its normal length under a 100-gram load. The 
stretching under the 400-gram weight evidently was more rapid than it would 
have been with a 100-gram load, so there was more jamming of groups in 
intermediate positions, making the sample stiffer, and causing a larger con¬ 
traction upon removal of the weight. Rearrangement and untangling of these 
jammed groups then permitted the sample to further elongate to its normal 
length when stretched by a 100-gram weight. A similar result was obtained 
by Mr. Davies of this laboratory by compressing samples of uncured rubber 
under different weights in the Goodrich plastometer. 61 

3. Permanent Set. If the sample does not completely recover from a defor¬ 
mation it is said to have acquired a set. It is important to distinguish be¬ 
tween two very different conditions which may produce this effect. The first 
is a true permanent set, produced when the fibrous molecules are not firmly 
interlocked. In this case the molecules may relax by sliding completely past 
each other. This is simply a viscous or plastic flow which reduces the strain 
in the molecule without changing the external shape of the sample. If this 
action is carried to the limit the sample becomes isotropic. Anything which 
will decrease the binding between the fibers, such as raising the temperature, 
swelling with solvents, etc., will increase the permanent set produced by this 
cause; reducing the length of the molecules will have the same effect. Milled 
rubber acquires a greater permanent set than unmilled rubber and the perma¬ 
nent set is lowest for the highest members of a homologous series of polymers. 

The second cause of permanent set is essentially a very slow elastic after¬ 
effect, usually a thermal elastic after-effect as in racked crude rubber. If 
the temperature is lowered far enough, cured rubber will show a similar effect, 
for at the lower temperature the balance between the cohesive forces, thermal 
vibrations and strains at the valence angles is changed so the molecules no 
longer can contract. Whitby called this slow elastic after-effect the “sub- 
permanent set.” Raising the temperature or adding solvents to rubber will 
reduce this type of elastic after-effect. 

It follows from this mechanism that not only will the modulus of the rubber 
increase, but the permanent set will decrease when the speed of deformation 
increases. The elastic recovery of crude milled rubber is nearly as great as 
that of cured rubber if the time of deformation is small. This can be demon¬ 
strated by bouncing balls made of cured rubber and milled crude rubber. 
They will bounce to nearly the same height, although they have very different 
values for stiffness and permanent set when the loads are applied for longer 
times. 42 In a rapid deformation cycle the mechanical tangling and jamming of 
the molecules is sufficient to keep them from flowing even though there are no 
strong chemical bonds holding the fibers together. There is not enough time 
for thermal vibration to aid in getting the molecules out of the intermediate 
equilibrium positions or to flow. The sample, therefore, shows a high recovery. 

61 Karrer, Davies and Dieterich: Ind. Eng. Chera., Anal. Ed., 2, 96 (1930): 
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4. Hysteresis. For a minimum hysteresis in a sample of rubber which is 
subjected to mechanical distortion, it is necessary to reduce to a minimum the 
slow creep and elastic after-effects as well as the plastic flow. Such a result 
would be accomplished if there were a weak binding force or attraction be¬ 
tween the molecules permitting them to slide past one another easily every¬ 
where except at the few points where there is the strong interlocking necessary 
to prevent plastic flow. This condition may be realized if rubber is swollen 
with a large amount of oil and then vulcanized. The quivering of a cured 
cement, for example, shows that its hysteresis actually is very low, at least 
for small deformations. 

The hysteresis due to the tangling and untangling of the molecules may 
be reduced by going through the deformation cycle either very rapidly or very 
slowly, provided the permanent set is low. In the first case there will be a 
great deal of tangling. However, since there is little time for the fibers to be¬ 
come untangled the sample will exert nearly the same force during the re¬ 
covery as it does during the stretching. In the second case, when the rate of 
stretching and recovery is very slow the thermal vibrations enable the fibers 
to take up equilibrium positions during both the stretching and recovery, so 
the hysteresis loop is small if there is no permanent set. 

Another method of reducing hysteresis and securing equilibrium stress- 
strain curves is to help the molecules out of the jams by making the sample 
oscillate during the stretching. Stress-strain curves of this type were obtained 
by Gerloe. 62 One would expect from thermodynamic considerations that the 
modulus of the rubber would be somewhat greater at high temperature than 
at low temperature for the stress-strain curves obtained in this way, and the 
limited data reported by Gerke indicated that such may be the case. His re¬ 
sults also showed that time of cure has no effect on the equilibrium stress- 
strain curve and he cited this as evidence that the curing of rubber affects the 
plastic properties of rubber more than the elastic properties; Williams 42 
reached a similar conclusion from the study of stress-strain curves at high 
speeds. It is evident that cure influences the elastic after-effect and creep as 
well as the plastic flow, and these are parts of the elastic properties of rubber. 

This analysis of the deformation of rubber differs considerably from that 
of Ariano 63 who postulated a “point of viscous diffusion,” “plastic state,” and 
“liquid viscous state” between the solid and liquid states to explain the ob¬ 
served elastic properties. As a real explanation of the behavior of rubber 
under mechanical distortion, the molecular mechanism suggested above seems 
greatly preferable to naming hypothetical states between idealized solid 
and liquid states. 

5. Other Physical Properties . The optical properties sometimes give 
considerable information about the chemical as well as the physical structure 
of materials. Recent work on the Raman spectra provides a very convenient 
method for studying the infra-red absorption spectra of various materials, and 
it was thought that this line of attack might show something about the struc- 

" Ind. Eng. Chem., 22, 73 (1930). 

a Nuovo Cimento, March 1929; India Rubber J., 78 , 316 (1929). 
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ture of rubber and similar hydrocarbons. Preliminary experiments were 
carried out by Professor Williams and Mr. Hollaender at the University of 
Wisconsin, to see if the Raman spectra of rubber, gutta-percha and balata in 
carbon tetrachloride solutions showed any distinctive differences. Since the 
materials were all carefully purified they darkened readily through oxidation 
on exposure to air. This made it difficult to obtain the Raman spectra. On 
exposure to a mercury arc, however, the gutta-percha solution showed a few 
Raman lines around 4600 A, probably excited by the mercury line 4359 A, 
and a broad band around 4780 A. Pale crepe and balata showed similar bands. 
Others have also found broad bands in studying the Raman effect of rubber 
solutions. 64 The fact that bands rather than lines are obtained may be due 
to the high viscosity of the solution, or it may indicate that the rubber 
groups can respond to a wide range of frequencies. It was found in this work 
that all the solutions gelled on the side exposed to the light, although they were 
in pyrex glass vessels which transmit only down to a wave-length of 3 2 00 A. 
This gel structure formed in gutta-percha and balata as well as in rubber. It 
probably is not identical with that produced by vulcanization with sulfur or 
sulfur chloride, but at least it involves the linking together, by rather strong 
bonds, of units which previously were separated. 

The tendency of kinky fiber molecules to expand and relieve the internal 
stresses accounts for the swelling pressure and the mechanical entrapping of 
liquids by gels, and it also implies that a similar mechanical entrapping of 
solvent should occur in solutions. Work done in this laboratory 35 several 
years ago on the temperature coefficient of the viscosity of rubber solutions 
supports the view that their high viscosity is due to this cause. 

Dunn, 66 Andrade 66 and others have shown that the change of viscosity 
with temperature of non-associated liquids can be represented by an equation 
of the type log 1/77 = A/T + B, where tj is the viscosity, T the absolute 
temperature, and A and B are constants. By assuming that the fluidity 
(1/27) is a measure of the rate at which molecules acquire sufficient energy q 
to leave their transient equilibrium positions (cybotactic state 11 ), the writer 
derived the above relation between fluidity and temperature in the form 
i/rj = CS T ~ 1 e~ q/kT , where S is the shearing stress, C and r are constants, and 
the other terms have their usual significance. This equation includes the 
relation between shear and fluidity found by Nutting. The validity of this 
interpretation of viscosity is confirmed by data recently published showing the 
relation of viscosity to the perfection of orientation for 22 octyl alcohols. 67 
The changes in the constants C and q, or A and B can, therefore, be inter¬ 
preted in terms of changes in the structure of the solutions. Tests on rubber 
solutions in several solvents and over a wide range of temperature and con¬ 
centrations showed that the value of q in pure solvents differed only slightly 
from the values in rubber solutions, provided they were not too concentrated. 

84 Franklin and Laird: Phys. Rev., (2) 36 , 147 (1930). 

“Trans. Faraday Soc., 22, 401 (1926). 

“ Nature, 125 , 582 (1930). 

67 Stewart and Edwards: Phys. Rev., (2) 38 , 1575 (1931)- 
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If there were an adsorptive binding of the solvent to the rubber molecules 
such as was assumed by Fikentscher and Mark, 50 one would not expect this 
result, so it is probable that the binding of the solvent molecules is largely a 
mechanical entangling. 

6. Cured Racked Rubber. Fibrous rubber has been produced in various 
ways: racked rubber which has been cooled to liquid air temperatures can 
be shattered to show a fibrous structure; Kirchhof 68 and Mark and Susich 69 
obtained fibrous materials by allowing racked rubber to react with sulfuric 
acid, chlorine, bromine, and iodine at low temperatures for periods up to 
several months. Mechanically fibrous materials were obtained in every case, 
but the bromine treated rubber did not give an x-ray fiber diagram. All these 
materials were relatively weak or brittle and did not have any remarkable 
physical properties. 

From the above theory of rubber structure it was thought that vulcanizing 
rubber destroys its ability to become racked for one of two reasons. If during 
vulcanization random bonds are introduced between the fibers this will cause 
additional strains and distortions when the fibers are arranged parallel to one 
another by an external force, and the additional strains will prevent the sec¬ 
ondary valence forces from holding the fibers in position except at very low 
temperatures. It is also possible that the chemical reaction during cure 
changes the intensity and distribution of the secondary valence forces so that 
the fibers cannot be made parallel, or else the forces are not strong enough to 
hold them parallel if they are oriented by an external force. In either case 
one would expect to obtain a rather interesting product if the rubber were 
first racked and then cured. Attempts to cure racked rubber with sulfur and 
ultra accelerators at room temperature or slightly above usually resulted in 
producing what was in effect merely a cured rubber with a strong calender 
.grain. 

When racked rubber was cured in a stream of dry sulfur chloride vapor, a 
strong, horny, fibrous product was obtained with rather unusual properties. 
It was found that the tensile strength of the samples depended greatly upon 
the elongation previous to cure, just as the strength of rubber at very low 
temperatures depends on the elongation of the sample before cooling. 67 In 
one case sheets of evaporated latex 0.005* thick were cured in a stream of dry 
sulfur chloride vapor for 15 min. at o°C, after being racked different amounts. 
The tensile strengths varied from about 200 to 17,000 lbs./sq. in., as shown 
in the following table: 


Tensile Properties of Cured Sample 


Initial 

Ultimate 

Tensile 

Stretch 

Elongation 

Strength 

0% 

15% 

220 1 

300 

20 

4 ,S 6 o 

600 

20 

7,070 

900 

30 

10,450 

1200 

25 

17,100 


** Kautschuk, 5 , 9 (1929). 

•• Kolloid-Z., 46 , 11 (1928). 
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Similar results have been obtained at room temperature or even higher, over 
a wide range of curing times. If the samples are very thick only the surface is 
cured leaving the inside still uncured even after several hours, and the samples 
are relatively weak and brittle. It is probable that the tensile strengths shown 
in the above table are not the maximum that can be produced, and it is likely 
that rubber fibers can be prepared with a strength comparable to the best 
textile fibers. Samples of cured racked rubber gave sharp x-ray fiber diagrams. 

The fibrous product is cured to the hard rubber stage by the sulfur chlo¬ 
ride. In one case a 30-minute cure gave a material containing 15.2% sulfur* 
while the compound (CioHi 6 )2 S2CI2 requires 15.7% sulfur. The cured racked 
rubber may be left in sulfur chloride vapor up to 15 hours without noticeably 
changing its tensile properties, although the unstretched rubber becomes very 
brittle when left in the vapor for fifteen minutes. 

From the point of view of the mechanical structure of rubber presented 
here one would expect that fibers could be obtained by stretching cured soft 
rubber and further curing it in sulfur chloride vapor while stretched. This 
was tried, using a rubber-sulfur mixture and accelerated stocks, and fibrous 
rubbers were obtained in every case. However, the accelerators, zinc oxide, 
age resisters and other compounding ingredients made it necessary to increase 
the time of cure, and the final product was not quite as good as that obtained 
with crude unmilled rubber. This may have been because the cured rubber 
could not be elongated as much as the evaporated latex. 

If the rubber is stretched in two directions at once and then cured, a very 
interesting non-fibrous parchment-like material is obtained. In this case the 
molecules probably are stretched out into fibers which are oriented at random 
in a plane. The product is quite strong and flexible in thin sheets, and is very 
resistant to organic liquids, even boiling toluene does not change it appreciably. 

Summary 

1. Some of the concepts included in the term “molecule” are briefly dis¬ 
cussed and it is pointed out that the mechanical molecule is often the most 
important one in colloid systems. 

2. The elastic properties of colloid systems require, and are produced by 
a group of four factors: 

(a) Long fibrous molecules. 

(b) Weak or uniform cohesive forces around the fibers. 

(c) An interlocking of the fibers. 

(d) A means of storing up free energy when the fibers are distorted. 

3. Evidence for the existence of these factors in elastic colloids is dis¬ 
cussed and is applied to account for and correlate some of their physical 
properties. 

4. The theory of the structure of elastic colloids presented here has sug¬ 
gested means of preparing fibrous and parchment-like rubbers having rather 
unusual properties. 

Physical Research Laboratory , 

The B. F. Goodrich Company , 

Akron f Ohio . 

May 10 , 1982 



THE SEPARATION AND IDENTIFICATION OF SOL RUBBER 
HYDROCARBONS 


BY THOMAS MIDGLEY, JR. AND ALBERT L. HENNE 

The hydrocarbon occurring in natural rubber is not homogeheous. This 
has been demonstrated repeatedly by separation into a more soluble portion, 
called “sol rubber,” and a less soluble portion, called “gel rubber.” 

A variety of methods, all based on solubility difference, have been em¬ 
ployed to bring the separation about. The best known are: (i) the slow dif¬ 
fusion of rubber in petroleum ether, a method originated by Caspari 1 and im¬ 
proved by Feuchter 2 and by Pummerer and Miedel, 8 and (2) the separation 
by means of absolute ether into an “ether-soluble portion” and an “ether- 
insoluble portion.” 4 However, the same methods in the hands of different 
experimenters have given discordant results, and the conclusions have been 
debatable. For instance, Hauser 6 found that after a first separation, rubber 
can be refractioned again into sol and gel rubber and from this he concludes 
that sol and gel form an equilibrium mixture which will automatically be re¬ 
gained when one of its constituents is decreased or eliminated. Whitby 6 ob¬ 
serves that different solvents furnish different ratios of sol/gel, and he con¬ 
cludes that the rubber hydrocarbon is a mixture of molecules of varied sizes. 

It appears that the investigators employing diffusion methods, implicitly 
assumed that sol and gel rubber were not miscible in each other, and that in 
its essence, the separation was analogous to that of sugar from sand by water. 

The apparently incoherent results obtained by diffusion separation are 
rendered quite reasonable when the mutual solubility of sol and gel is taken 
into account. A single diffusion of rubber in a given solvent establishes a two 
phase system, each phase of which contains both sol and gel rubbers, but in 
different proportions. In other words, diffusion accomplishes only a partial 
separation. 

As a means of coarse separation, diffusion is quite acceptable; but if com¬ 
plete separation is desired, refractionation until the fractions are no longer 
altered is essential. For this purpose, diffusion is unsatisfactory, because the 
length of time required to reach equilibrium is sufficient to allow the rubber 
solution to degrade. 

Proponents of the diffusion methods may argue that degradation occurs 
only in the presence of oxygen, and that a fractionation by repeated diffusion 
in an inert atmosphere cannot be criticized. This may be true. But it must 
be borne in mind that given sufficient time, minute quantities of oxygen are 

^aspan: J. Soc. Chem. Ind., 32 , 1041 (1913). 

1 Feuchter: Kolloidchem. Beihefte, 20, 434 (1925). 

s Pummerer and Miedel: Ber., 00, 2148 (1927). 

4 Pummerer: Kautechuk, 1927 , 233-6; Pummerer and Pahl: Ber., 60 , 2152-63 (1927). 

1 Bary and Hauser: Rev. g6n. caoutchouc, 1928 , No. 42, 3-11. 

1 Trans. Inst. Rubber Ind., 5 , 184-95 (1929); 6, 40-62 (1930). 
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sufficient to cause considerable degradation, and the complete elimination of 
oxygen is a difficult experimental accomplishment. Hence, the diffusion 
method is not practical for refractionation. 

A method of fractionation based on precipitation at different temperatures 
has been described and advocated in a series of previous papers. 7 This method 
is not subject to the same criticism as the diffusion method, because it estab¬ 
lishes equilibrium in a short period of time. The degradation which occurs 
despite the careful elimination of oxygen during the procedure is so slight that 
it does not obscure the results nor vitiate their interpretation. 

Method of Separation 

The temperature differential method is based on the different solubilities 
of the hydrocarbons of rubber in a certain solvent, at a certain temperature. 
It makes use of the fact that mixtures of rubber, benzene and alcohol are single- 
phased within certain limits of concentration and temperature, and, upon 
cooling, separate into two phases at a definite temperature. One of the phases 
contains the sol rubber in preponderant quantity, the other contains most of 
the gel rubber. By repeating the process the preponderant constituent of one 
of the phases is progressively freed of the principal constituent of the other 
phase. The experimental details and the efficiency of the procedure are out¬ 
lined in the appendix. 

Criterion of Identification 

No fractional procedure of any kind can be satisfactorily performed with¬ 
out a criterion to judge the progress of the fractionation. The measurement 
of a physical constant such as density, refractive index, melting point, etc., is 
generally used: in the case of rubber, this is impractical, and consequently a 
specially standardized physical constant has been devised and called “standard 
precipitation point,” or by abbreviation, “s.p.p.” 

The standard precipitation point is defined as the temperature at which a 
slowly cooled mixture of 0.85% of rubber, 28.55% absolute alcohol and 70.60% 
benzene shows a sudden increase of turbidity. The experimental details 
needed to measure an s.p.p. are given in the appendix. 

Results 

The application of the temperature fractionation method, controlled by 
adequate s.p.p. determinations to a variety of rubber specimens has given the 
results graphically represented in Figs. 1 to 4. The mode of representation is 
the same as for an Engler distillation. 

In addition to the preceding cases, a sample of smoked sheet was fractioned: 
the s.p.p. of its sol fraction was found to be 34.8°. 

Irrespective of their source, the sol rubbers present the same character¬ 
istics, i.e., they are white, translucent, semi-plastic, elastic substances. Tacki¬ 
ness is absent from s.p.p. 33 0 upwards, but is quite noticeable at s.p.p. 32 0 
or lower. Pure sol rubbers are unstable at room temperature. Degradation 
is detectable after a few days despite precautions against oxygen. Storage in 

7 Midgley, Henne and Renoll: J. Am. Chcm. Soc., 53 ,2733 (1931); 54 ,3343,3381 (1932). 
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RERCENTBCE or rubber 
Fig. i 

Fractionation of Crepe Rubber 

solid carbon dioxide retards degradation but does not prevent it completely. 
No tendency lo form gel rubber, or equilibrium mixtures thereof has been 
observed. 

Interpretation 

A comparison of the results reported in Fig. i (pale crepe) and Fig. 2 
(milled rubber) shows that extreme milling degrades both sol and gel rubbers. 
Hence it is reasonable to assume that the presence of components of low s.p.p. 
in Fig. 1, is due to the sheeting process undergone by the rubber before being 



RCRCEMTBGE Of RUBBER 
Fig. 2 

Fractionation of Milled Rubber 
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/=>£vpc£7vr/7<^ nr /?ue/ 3 sre 
Fiq. 3 

Fractionation of Spray Rubber 


baled. With this in mind, the results 
reported in Fig. 3 (sprayed rubber) in- k 
dicate that nature produces only one ^ 
sol rubber in a given specimen. This * 
does not mean that natural sol rubber is £ 
a single invariable compound; variations & 
occur between sol rubbers of different ^ 
specimens. The limited number of i? 
specimens studied, and their insufficiently Q 
known history preclude, at the present | 
time, any conclusion as to the factors | 
involved in this variability. Seasonal, * 
soil, and climatic conditions suggest 
themselves as suitable for continued 
research. 

Conclusions 

(1) Nature produces a definite sol component in any single specimen of 
natural rubber. 

(2) The sol component can be separated and purified by refractionation 
methods. 

(3) Purified sol rubber retains the physical properties of natural rubber; 
it can be vulcanized to yield a product of superior qualities. 

(4) No experimental evidence exists to justify the opinion that rubber is 
a two-phase system. 

(5) Sol rubber and gel rubber are mutually soluble. 



Fig. 4 

Fractionation of Guayulo Rubber 


Appendix 

Determination of the Standard Precipitation Pointy s.p.p. A 1.288 g sample 
of the rubber (free from solvent) is placed in a 250 cc Erlenmeyer flask. One 
hundred cc of C.P. benzene is added. The flask is set away in the dark, 
under C 0 2 , until complete solution is obtained. To this solution, warmed to 
about 50°, is added a hot mixture of 27 cc of benzene and 56 cc of absolute 
alcohol, and the whole is stirred and intermittently warmed until entirely 
clear. A calibrated thermometer reading tenth degrees C is placed in it and 
it is allowed to cool. When the mixture becomes suddenly turbid, the tem¬ 
perature is read. This is the experimental precipitation point. It is reproduc- 
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ible to ±o.i°. After checking the point, the flask is equipped with a bent tube 
carrying a water jacket on its downward branch. This branch delivers into a 
250 cc receiver cooled in ice; the receiver is in turn connected to a second one 
cooled in a mixture of carbonic snow and acetone, to insure the recovery of all 
solvents during distillation. Atmospheric moisture is kept out otthe system 
by means of a calcium chloride tube. While passing a slow stream of purified 
CO2 through the system, the solvents are distilled with a steam bath. The dis¬ 
tillate is weighed, and its refractive index is measured in a Pulfrich refrac- 
tometer, at 20.0°. From a previously constructed curve, the composition of 
the distillate is read. The rubber sample is weighed as soon as the distillation 
is finished, and its increase in weight, regarded as benzene, is added to the 
amount of benzene in the distillate. The percentages of alcohol and benzene 
are thus determined with accuracy; they can be duplicated to 0.1%. By 
means of the chart Fig. 2, paper VII, 7 the experimental precipitation point is 
then corrected to standard conditions, viz . 28.55% alcohol and 0.85% rubber. 
This is the s.p.p. 

Fractionation Procedure. Two hundred and fifty grams of crepe rubber 
with a nitrogen content of 0.25% was dissolved in 8083 g of benzene, heated 
to about 50°. A hot mixture of 4500 cc of absolute alcohol and 1400 cc of 
benzene was added slowly, with constant stirring, until complete solution was 
obtained. The critical temperature, determined on a 50 cc sample, was 43.o°. 
The mixture was then held at 42.o° in a thermostat, for one hour. At the end 
of this period, the mixture was no longer homogeneous, but consisted of a 
completely settled gel phase and a clear supernatant liquid. This liquid was 
decanted, then cooled in an ice-bath, and yielded 52.9 g of rubber hydrocarbon, 
hereafter designated as Ai. After removal of the Ai rubber, the liquid was 
warmed and poured back on the gel phase. By warming and stirring, the gel 
phase was caused to dissolve, and a clear solution was then obtained. A sample 
of this solution exhibited a critical point of 43.5 0 . Consequently, the solution 
was placed in a thermostat regulated at 42.5 0 for one hour, and the above 
procedure was repeated. This time 30.5 g of rubber hydrocarbon was ob¬ 
tained, called As hereafter. Two repetitions of these operations yielded frac¬ 
tions As and A*. 

After the fraction A 4 had been collected, it was found that the gel phase 
would no longer dissolve completely in the alcohol-benzene mixture, even 
when the solvent was brought to its boiling point. Consequently, the in¬ 
soluble matter was separated from the solvent; the solvent, upon cooling, 
yielded a fraction called As. Finally, the insoluble matter was extracted in a 
Soxhlet extractor with benzene. The material obtained from the benzene 
was called A®, while the insoluble matter was called B. 

Efficiency of the Procedure . The efficiency of the separation method is 
illustrated as follows. A 10 g specimen (s.p.p. 35 0 ) and a 10 g specimen 
(s.p.p. 28.9°) were dissolved in the same batch of benzene and separated by 
fractional precipitation. A single fractionation yielded 11.5 g of (s.p.p. 34.9 0 ) 
8-5 g of (s.p.p. 28.5°). 

Ohio State University , 

Columbus, Ohio . 



THE STRUCTURE OF GELATIN SOLS AND GELS 
Part V. The Insolubilization of Gelatin by Heat 

BY S. E. SHEPPARD AND R. C. HOUCK* 

Insolubilization of gelatin, i.e., loss of capacity to dissolve completely in 
water at 4o°C and above, appears to have been first observed by Hofmeister. 1 
He found that gelatin which had been heated to i30°C was not readily soluble 
in water, in fact could only be brought into solution by boiling for several 
hours. Bogue 2 found that glue heated at i io°C for 15 hours became insoluble. 
The change was attributed by Hofmeister to a reversal of conversion of col¬ 
lagen to gelatin which he expressed by the equation 

C102 H149 O38 N31 + H2O , r — 1 C102 Hi 6i O39 Nsi 
collagen gelatin 

He regarded collagen as the anhydride of gelatin. There appears to be no 
definite evidence either for this particular molar ratio of collagen to water as 
essential for the transformation, nor for a molecular unit of the magnitude 
2500 for collagen. 

Emmett and Gies 3 disputed Hofmeister^ theory of reconversion. They 
claimed that heated gelatin was digested by trypsin, while collagen was not. 
They further stated that collagen loses ammonia on conversion to gelatin with 
boiling water, while the insolubilized gelatin gives up no ammonia on heating 
with water. This last statement appears to us to be generally incorrect; we 
have not found any evidence of ammonia being liberated in the conversion of 
hide collagen to gelatin—provided the collagen had been delimed and neu¬ 
tralized. 

The Relation of Gelatin to Collagen 

In the first paper of this series 4 dealing with the viscosity of gelatin sols 
and its change on heating, the following theory of gelatin formation was pro¬ 
posed: “We suppose, in agreement with Meyer and Mark's X-ray investiga¬ 
tions that the protein collagen consists of fibers built up of crystallites com¬ 
posed of primary valence chains of the anhydro-(peptided) amino-acids—the 
protein macromolecules. The formation of gelatin consists in the peptization 
of these fibers, but the primary valence chains become disoriented and sepa¬ 
rated; complexes of these chains, possibly in a partly oriented or smectic order¬ 
ing bind water by dipole orientation. On this view, the molecules of gelatin 
are fundamentally identical with those of collagen, the difference being only 
in the degree of association and orientation." 

* Communication No. 502 from the Kodak Research Laboratories. 

1 Z. physiol. Chem., 2, 299 (1878). 

2 Chem. Met. Eng., 23 , 5 (1920). 

3 J. Biol. Chem., 3 , 33 (1907). 

4 Sheppard and Houck: J. Phys. Chem., 34 , 273 (1930). 
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In the second paper 6 Sheppard and McNally stated “the increase in optical 
anomaly obtained by stretching and drying gelatin jellies represents a 
movement in the direction of reversing the process: 

Collagen —►- Gelatin.” 

It was pointed out that these results were in agreement with those of Katz 
and Gemgross 6 on the similarity of the X-ray diagrams of collagen and of 
stretched dried gelatin. We shall discuss the deductions from* X-ray spec- 
trography later. 

Absorption of Water by Collagen and Gelatin 

The absorption of water by gelatin is very much greater than by collagen. 
The experiments of Sheppard and McNally 7 showed that stretching gelatin 

jellies before drying decreased the subse¬ 
quent swelling in water in the direction 
of the stretch. No considerable change in 
total water absorption was observed, but 
the actual elongations effected were not 
very large. We have produced subse¬ 
quently very large elongations or dis¬ 
tentions of gelatin jellies by the method 
of Katz and Gerngross (strips of jelly 
soaked 4-5 days in 60% alcohol-buffer 
mixture), of the order of 200% along 
the axis of stretch itself. Birefringence 
measurements on these showed that a 
very considerable degree of orientation 
had been effected. 

However, compared with jelly strips 
of the same concentration identically 
treated except that they were not 
stretched and dried under tension, the 
stretched gelatin did not show any 
lowenng of total water absorption. It 
appears evident that although the 
(re-)orientation produced by stretching has assimilated gelatin to collagen in 
some respects, yet there remains a definite structural difference which allows 
(a) greater water absorption, and (b) solution in water at 4o°C and above. 

We have made, therefore, a study of the insolubilization of gelatin by 
heating at various temperatures. 

Experimental 

Gelatin strips of Eastman De-Ashed Gelatin No. 48 coated to 0.005 * thick 
were used. (This gelatin contained 0.5% heat coagulable protein.) The strips 

5 Sheppard and McNally. Colloid Symposium Monograph, 7 , 17 (1930). 

*Kolloid-Z., 39 , 180 (1926). 

7 Loc. cit. 
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were heated for various increasing lengths of time, and the water absorption 
at i5°C was measured, the liquid being M/iooo acetic acid-sodium acetate 
buffer at pH 4.95, the isoelectric point of this gelatin. The buffer solution 
was changed daily, pH being determined electrometrically. The water absorp¬ 
tion was determined at different times by weighing, until equilibrium was 
reached. 

The results for healing at io5°-iio°C are shown by Tables 1 -XI and 
in Fig. 1. 

Table I 

Water Absorption of Gelatin 48 
(Heated at io5°-iio°C) 


Heated for 1 hour 

Heated for 2 hours 

Heated for 5 hours 

Heated for 8 hours 

Time 

% Gain in 

Time % Gain m 

Time 

% Gain m 

Time % Gain in 

hours 

weight 

hours 

weight 

hours 

weight 

hours 

weight 

7 3 

515 

6 2 

504 

3 2 

467 

^ 7-7 

441 

24 5 

554 

23 5 

543 

20 6 

497 

42 2 

458 

49 0 

568 

48 T 

559 

45 2 

5i8 

65 2 

462 

72 1 

568 

71 I 

563 

68 2 

512 

88 7 

473 

95 6 

592 

94 6 

568 

91 7 

532 

114 2 

479 

121 1 

594 

120 1 

575 

I T 7 2 

534 

136.9 

476 

M 3 8 

593 

142 8 

577 

140 O 

537 



Heated for 16 hours 

Heated for 24 hours 

Heated for 40 hours 

Heated for 48 hourp 

7 9 

389 

18 3 

352 

8 4 

338 

18.9 

342 

25 1 

404 

42 9 

362 

26 3 

347 

41 9 

344 

49 7 

409 

66 7 

367 

49 4 

346 

64 4 

350 

72 6 

4 i 3 

90 2 

373 

72 9 

358 

89 9 

356 

96 2 

418 

115 7 

372 

98 3 

362 

IJ 2 6 

355 

121 7 

418 

142 5 

373 

121 1 

357 

J381 

354 

T 44 5 

4 T 5 



1 54 7 

362 

163 1 

357 


Heated for 72 hours 



Heated for 1440 hours 



Time 

( c Gain in 



Time 

% Gain in 



hours 

weight 



hours 

weight 



18 0 

3 11 



6 1 

1 93 



4 i 5 

320 



22.5 

199 



65 9 

320 



46 8 

199 



88 7 

321 



70 1 

201 



112 1 

315 



147 6 

205 



136 0 

323 



243 4 

199 



As may be seen, the water absorption values decreased steadily with time 
of heating, approaching a limiting value after heating 2 months (ca. 144c 
hours) of 199%. This value approaches closely that found for the limiting 
water absorption of collagen (from hide) which gave 200% regain. Recondi¬ 
tioning the heated material by exposure to air of approximately 50% R. H. 
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for 50 days produced practically no change in the water absorption. Further¬ 
more, gelatin heated more than five hours at 106° to no°C was incompletely 
peptized by warm water, the extent and ease of peptization falling off rapidly 
with further heating. 

Order and Heat Increment of the Reaction 

As a variable proportional to the concentration (or original gelatin) we 
have taken the “equilibrium per cent regain” for a sample of gelatin heated 
for time t , minus the “equilibrium per cent regain for infinite time.” Calling 
this C — Coo, we found for Coo the value 200—as stated, the same as for 
collagen. On graphic analysis of the reaction curves, it was found that plots 
of i/CC — 200) 2 against time t yielded straight lines in the case of the three 
gelatins tested (Nos. 48 and 50 Eastman De-Ashed and No. 6432 Commer¬ 
cial). This corresponds to an equation of the form 

1/x 2 = kt or dx/dt = k (a —x) 3 

i.e. t a termolecular reaction. The results for gelatin No. 48 heated at io7°C are 
shown in Table II. 


Table II 


Velocity of Insolubilization by Heat of Gelatin No. 48 at io7°C 


Time Heated 

(/ % Gain 




in hre 

in weight 

G-200 

1 /G-200 

/(G-200)’ 

0 0 

668 

468 

CO 

0 

X 

CO 

M 

454 X 10 

1 0 

593 

393 

2 54 

645 

2 0 

576 

376 

2 65 

702 

5 0 

537 

337 

2 96 

876 

8 0 

476 

276 

3 62 

1310 

16 0 

418 

218 

4 18 

2097 

24 0 

372 

172 

5 81 

3375 

40 0 

362 

162 

6 17 

3806 

48 0 

355 

155 

6 45 

4160 

72 0 

320 

120 

00 

Cm 

Cm 

6938 

1440 

IQQ 

0 




To obtain the temperature coefficient of the reaction, the velocity con¬ 
stants were determined for different temperatures, using gelatins No. 50 and 
No. 6432. 

At 6o°C the rate of insolubilization was too small to be measured in con¬ 
venient time, no appreciable change (diminution of swelling'! being effected 
in 48 hours. Results obtained at 90°, 107° and n6°C for gelatin No. 50 are 
given by Tables III and IV and Figs. 3-7. 
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Fig. 3 
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Table III 

Effect of Heating at 6o°C on the Swelling of 
Gelatin No. 50 + 4% Albumen 

Time Heated “Equilibrium” 

in hrs. Water Absorption 

0.0 949 

1 o 978 

20 991 

4 5 1000 

8 o 906 

16 956 

24 942 

48 952 

Table IV 

Velocity of Insolubilization of Gelatin No. 50 Heated at 9o°C 


ie Heated 
in hrs. 

0 % Gain 
in weight 

G-200 

1/G-200 

l/(G-20o) ! 

0 

776 

576 

1 73 X 10- 8 

299 X 10 

1 

733 

533 

1 88 

353 

8 

699 

499 

2 00 

400 

16 

616 

416 

2 40 

576 

48 

520 

320 

3 13 

979 

95 

430 

236 

4 24 

1798 


It appears that the expression for the termolecular reaction holds with sub¬ 
stantial accuracy for the whole course at 90° and 107°, and for a considerable 
part at 116°0. The deviation here is to be expected, since after 24 hours heat¬ 
ing at this temperature the gelatin began to yellow and give signs of charring 
and decomposition. 

In Table V are given the velocity constants at 90°, 107° and n6°C. 


Table V 

Velocity Constants of Insolubilization of Gelatin No. 50 

Velocity Constant 


Temperature 

90°C 

107° 

116° 


(Slope of 1/(G-200)* vs. time curve) 

18 6 ~“ 

84 4 


146.6) 

139.9> av. 
166.6? 


Applying the Arrhenius expression for the effect of temperature on the 
reaction 

d In K _ Q 

dt ITT* 

in the integrated form 


In — = —L ^ 

K, R VT, T J 
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Fig 8 


then the “critical increment” Q should equal the slope of the log K vs. i/T 
graph, multiplied by 2.303 X 1.98. In Fig 8 are plotted the data from Table V. 
ThisgivesQ = 23,159 calories as the “critical increment.” A further justifica¬ 
tion for the end value 200 is obtained from the effect of ultraviolet light in 
producing insolubilization, which shows much resemblance to insolubilization 
by heat. Brintzinger and Maurer 8 measured the effect on degree of swelling. 
Using our value 200, and the termolecular expression, results shown in Table 
VI, and Fig. 9 were obtained, which indicate a close similarity m the reactions. 



Fig, 9 


• Kolloid-Z., 41 , 46 (1927). 
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Table VI 

Velocity of Insolubilization of Gelatin by Ultraviolet Light 



(Brintzinger and Maurer) 


Time Exposed 
m hrs 

G 


I 

1 

% Gain inWt 

G-200 

G-200 

(G-200) 2 

0 

1140 

940 

i .06 X io~ 8 

112 X IO~ 8 

1 

512 

312 

3 20 

,1024 

2 

426 

226 

4 42 

1953 

3 

380 

180 

5 56 

3091 

4 

348 

148 

6 76 

4569 

5 

321 

121 

8 26 

6822 

6 

316 

Il6 

8 62 

7430 

8 

3io 

no 

9 09 

8262 


The fact that the “equivalent temperature,” corresponding to the very 
high velocit y, lies much beyond the actual temperature to which gelatin could be 
heated without decomposition, does not contradict this. Many photochemical 
reactions correspond to thermal reactions at unrealizable temperatures. 

Nature of the Insolubilization Process 

Desiccation of gelatin in vacuo over P 2 0 6 for prolonged periods produced 
not more than 5% decrease in water absorption. Apparently all “free” water 
was removed by evacuation to constant weight (upward of 10 days) which 
gave the same loss of water as heating at io5°C within the error of experiment 
(15.1% compared to 14.0% for samples starting at same R. H.). Again, in- 
solubilization proceeds long after apparent constant weight has been reached. 

While this indicates that probably the removal of free or adsorbed water 
is not responsible for the insolubilization, it does not preclude a condensation, 
i.e., elimination of H 2 0 between reacting groups. First, the amount of this 
might be small enough to fall within the error of weighing so hygroscopic a 
material, and second, the primary adsorption of water by dried gelatin is so 
powerful that it would act as acceptor for the H 2 0 molecules thus split off. 
The insolubilized gelatin does not show optically (birefringence) any marked 
change compared with the dried gelatin. This indicates that no specific in¬ 
crease in orientation has occurred, which conclusion is confirmed by lack of 
local intensifications in the X-ray diffraction diagram. 

The interpretation of a termolecular reaction course offers some difficulties. 
The variable is the difference between actual water absorbing capacity at time 
t and infinite heating. The assumption that this is directly proportional to 
active mass of unchanged gelatin seems reasonable, but gives no clue to the 
termolecular course. 

If gelatin jelly is dried down to adhere on a rigid support, swelling, i.e ., 
water absorption, can only take place in one direction, nz., that perpendicular 
to the plane of the support (Sheppard and McNally) 9 . The total water absorp- 


* Loc. cit. 
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tion, however, remains practically the same. Again, if gelatin jellies are 
stretched some 300% and dried while so stretched, the swelling or water ab¬ 
sorption in the direction of stretch becomes negligibly small, but the total 
water absorption remains the same as for unstretched gelatin. It seems pos¬ 
sible then that for actual reduction of total water absorption, a reaction in 
three directions or dimensions is necessary, and that this is the significance of 



the terrnolecular order. The following discussion of cognate evidence on the 
fine structure of proteins, in particular of gelatin, collagen and keratin, lends 
perhaps some support to this hypothesis. 

Fine Structure of Proteins 

We shall understand by “fine struct ure” the molecular and micellar consti¬ 
tution of the proteins as revealed or indicated by chemical investigations, by 
X-ray spectroscopy, and by other investigations, such as Svedberg’s centri¬ 
fugal separation, spreading of thin films, and the adsorption and transpiration 
of gases and vapors. Chemical investigation has in the main confirmed 
Fischer’s conclusion that the proteins consist of long chain-like molecules of 
condensed or peptided amino-acids, a typical polypeptide chain being 

H 2 NCH2CONHCH2'CONHCH 2 COOH. 

This does not preclude these chains in actual proteins being branched, nor 
that ring formation (by anhydrization between end groups) may occur. 

This conception has been confirmed and made much more specific by recent 
X-ray investigations. 10 Briefly, these indicate that the natural proteins con¬ 
sist of more or less uniformly oriented crystallites (primary micelles) of parallel 
polypeptide type chains. In the case of silk fibroin the chain may be repre¬ 
sented as 

10 Cf. Meyer and Mark: “Der Aufbau der hochpolymeren organise hen Naturstoffe” 
(1930); Astbury and Woods: J. Textile Inst., 23 , T17 (1932). 
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Xv CO' // h\co^ 
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7 A.u. 

It is the — C~ NH—CH— repeating unit which gives dimensional regularity 
and similarity, the side chains Ri, etc., which in the first place provide differentia¬ 
tion. The following proteins have been found to give diagrams interpretable 
in this general sense:— silk fibroin, 11 keratin in wool and hair, 12 collagen in 
sinews, 18 and to some extent in hide, 14 gelatin. 16 It is to be noted that all 
these belong to the so called sclero-proteins, not dispersing in water or aqueous 
solutions, with the exception of the derived protein, gelatin. Of these, silk 
fibroin is composed principally of glycine and alanine. Primary valence 
(polypeptide) chains of these in alternating order are arranged in parallel 
bundles as crystallites or micelles. There is also an amorphous, or non- 
oriented material which can be extracted with formic acid. For the crystal¬ 
line part observations permit of the calculation of a monoclinic cell 18 char¬ 
acterized as 

a = 9.68 A.U. 
b = 7.00 A.U. 
c = 8.80 A.U. 

0 - 75 ° 50 ' 

The interval b = 7.00 A.U. is the identity period along the fiber axis. 
The assumption of 4 alanyl-glycyl chains for the elementary cell leads to a 
density of 1.46, as compared with 1.33 to 1.46 observed. The distances of the 
principal chains from each other, 1/2 a = 4.8 A.U. and 1/20 = 4.4 are as 
usually found. 

Meyer and Marks 17 remark that “Der hohe Zusammenhalt der Peptid- 
ketten und der Mizelle aneinander erklart sich durch die besonders hohe 
Molkohasion der CONH-Gruppe (10,600 cals).” Assuming that the molar 
cohesion of a glycyl residue is about 11,000 cals, a chain of 100 peptide residues 
of length of 350 A.U. would have a molar cohesion of over io 8 cals, which ap¬ 
proaches that of a cellulose chain. The similarity of silk and cellulose fibers 
in respect of tensile properties rests on analogous constitution and micellar 
(lattice) forces. 

u Kratky: Z. physik. Chem., 5 , 297 (1929). 

“ Astbury et al: Loc. cit.; Abitz: Dissertation, Leipzig (1930). 

14 Herzog and Jancke: Ber., 53 , 2162 (1920). 

14 Gerngross and Katz: Loc. cit. 

» Ibid. 

M Cf. Meyer and Mark: Op. cit. p. 222. 

17 Op. cit., p. 223. 
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While cellulose and silk fibroin show no special features under mechanical 
or thermal treatment, rubber, keratin (of wool and hair), and collagen (sinew) 
exhibit notable pecularities. Thus, rubber only shows a well defined fiber 
pattern on considerable stretching. On the other hand, 18 keratin of wool and 
hair shows one pattern, with an identity period in the fiber direction of 5.1 
A.U. for unstretched material (a-keratin), and another for stretched material. 
The a-keratin chain of 5.15 A.U. period 
appears to change into a chain with two 
definite halves when stretched to 6.64 
A.U., i.e . 9 to show two halves of 3.32 
A.U. This extension of 29% corresponds 
to actual 30% extension. Its limits of 
elastic extension is 100%, close to 
3 X 3.32 A.U. This intramolecular 
displacement is diagrammatically typi¬ 
fied in Fig. 11. 

/ 3 -keratin, silk fibroin, and in some 
degree collagen, and stretched rubber 
have fully extended chains, while un¬ 
stretched hair (a-keratin) and unstretched 
rubber, and, perhaps, heated collagen 
(sinew) have “folded” chains. 

Intermolecular and Intramolecular Forces 

The great strength of fibers is to be attributed to the intermolecular forces, 
or molar cohesion of the chains. 19 It appears, however, that this, at any rate 
with the “extended” type of chains, is not enough to prevent intramicellar 
swelling by water, and, by reason of the consequent loss of molar cohesion, 
peptization and solution at sufficient temperature to destroy orientation. 
This is what occurs with gelatin, not only ordinarily dried gelatin, but gelatin 
stretched 200 to 800 %, which gives a partly “fibrous” diagram practically 
identical with that from collagen. Yet collagen itself, though taking up 200% 
of water, does not peptize or dissolve in water at temperatures such as 
gelatin does, but requires nearly boiling water. There are a number of 
phenomena with these materials which make it a probable, if not a necessary 
assumption, that a certain degree of intramolecular binding occurs between 
chains. Speakman and Hirst 20 explaining the action of acids in lowering the 
work required to stretch wool fibers (compared to water at the isoelectric 
point) suggest linkages of the free amino groups of the diamino-acids-arginine 
and leucine—with the free carboxyl groups of dicarboxylic acids—aspartic 
and glutamins. This would give a bridge of the type 

18 Astbury and Woods: Loc. cit. 

19 Meyer and Mark: Loc. cit., p. 223. 

*° Nature, 128 , 1074 (1931). 
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Evidence for an intermolecular period of — 27 A.U.—about twice that 
given by the above, has been found by Astbury in wool, while Speakman 
shows that the heat of formation of the linkage 

- COOH + -NH 2 « — CO — NH 3 - 

\ 

0 

would be of the order of the work difference of stretching in acid and water 
— 1.2 kg calories. Astbury and Woods 21 have also suggested cross linkages of 
sulfur atoms (from cystine) and of anhydrides of the free carboxyls of di- 
carboxylic acids. 

So far, these interlinkages have been proposed as occurring between the 
parallel chains of the crystallites proper. This should be capable of verifica¬ 
tion by X-ray spectroscopy in conjunction with swelling experiments. Atten¬ 
tion may be drawn to the possibility of condensations and interlinkages occur¬ 
ring between the fringe-like ragged or unoriented extensions of the crystallites, 
evidence for the existence of which exists to some extent in the so-called 
amorphous, non-crystalline portions of fibrous materials. 22 

It appears to us that such interchain or intermolecular linkages may be 
assumed to account for the difference between collagen and gelatin. The rela¬ 
tively high critical increment indicated by the temperature velocity coefficient 
points to more than a neutralization of — NH 2 by — COOH groups. It is 
true that this heat value—25,000 cals.—probably does not refer to a specific 
heat formation of a substance or linkage. If the reaction is a condensation, 
the “critical increment” from kinetic considerations will be the sum, or dif¬ 
ference, of heats of activation and true heat of reaction (heat of formation of 
products). If the insolubilization of gelation by ultraviolet—necessarily of 
wave-length shorter than 3600 A.U.— may be regarded as involving a quantum 
of that order for activation, this would mean about 70,000-90,000 cals., which 
is of the same order as the predissociation energies of certain organic molecules. 

81 Loc. cit. 

88 Cf. Abitz: Roentgenographische Struckturforschung des Gelatine-micella. Disserta¬ 
tion, Leipzig (193^)- 
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On this view the actual reaction concerned in the insolubilization of gelatin 
would be generating heat, but considerably less than the activation heat re¬ 
quired. 

The Effect of Additions on the Insolubilization of Gelatin 

It has been suggested by Northrop and Kunitz' 3 that the swelling phe¬ 
nomena of gelatin in water at the isoelectric point can be interpreted in terms of 
the osmotic pressure of a soluble gelatin encased in capsules of an “insoluble” 
gelatin. Evidence has been produced by Sheppard and Hudson 24 that the in¬ 
soluble gelatin fraction separated by Kunitz and others is an albuminous im¬ 
purity, occurring in amounts varying from 0.2 to 1.5% in commercial gelatin. 
It has a different chemical composition, and is coagulated by heat in weakly 
acid solution (pH 4.7). The present authors expect to publish data showing 
other difficulties for this theory of swelling. The possibility, however, that 
the observed insolubilization of gelatin might depend upon a coagulation of 
this dispersed albumin in gelatin led us to test the effect of addition of 

(a) egg albumin 

(b) gelatin albumin 

upon the heat insolubilization. The results did not support the view that the 
insolubilization of gelatin is in any way caused by coagulation of a foreign 
protein. 

Insolubilization and Denaturation 

In some respects the insolubilization of gelatin might be assimulated to the 
coagulation and denaturing of albumins. Miss Galinsky 26 in an interesting 
paper on “The Effect of Light and Salts on Gelatin” states that exposure of a 
dichromated gelatin solution to light, followed by precipitation in acetone, 
gives an insoluble gelatin which is ash-free, x.e. } contains no chromium. This 
gelatin was chemically indistinguishable from the soluble original, and its pro¬ 
duction is regarded as similar to the coagulation of albumin. We hope to com¬ 
pare this insoluble gelatin with that produced by direct action of heat and of 
light. Provisionally it appears probable that the dichromate first acts as a 
photochemical (optical) sensitizer for the insolubilization, and is subsequently 
reduced. 

Gelatin insolubilized by heat may be reverted, i.e., converted to soluble 
gelatin, by treatment with boiling water. The regenerated gelatin had similar 
but slightly higher swelling values than the original. We shall show elsewhere 
that this is probably caused by a greater proportion of hydrolyzed gelatin. 

Summary 

Gelatin on prolonged heating at sufficiently elevated temperatures pro¬ 
gressively loses swelling power and its solubility in warm water. A quantita¬ 
tive study has been made on this behavior; the results extend the conception 
of collagen and gelatin as high molecular compounds and clarify their rela- 

23 Kunitz and Northrop: J. Gen. Physiol., 12, 384 (1928). 

24 Sheppard, Hudson and Houck: J. Am. Chem. Soc., 53 , 760 (1931). 

“Biochem. J., 24 , 1706 (1931). 
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tionship. The rate of insolubilization, as measured by reduction of swelling 
capacity (water absorption) is a marked function of temperature. The reac¬ 
tion follows a termolecular order; from the temperature coefficient, in the 

Arrhenius expression ft = =r%-, Q the critical increment of insolubiliza- 
dt K 1' 


tion was found to be 23,160 calories. 

Insolubilization by ultraviolet light was found to follow the same reaction 
course, though at greater velocity than that at the highest temperature 
studied (116 0 C). 

The insolubilized gelatin resembles collagen (a) in having the same water 
absorption, and (b) in being converted to gelatin by extraction with hot water. 
It differs in not showing the X-ray diagram of collagen, nor optical bire¬ 
fringence. If gelatin jellies (made with much alcohol) are stretched several 
hundred percent, and dried at room temperature, the dried material is opti¬ 
cally anisotropic and gives the X-ray diagram of collagen. Although it swells 
very little in the direction of stretch, its total water absorption is the same as 
for unstretched gelatin. By heating this stretched gelatin to insolubilization, 
a material is produced having substantially all the physical characteristics of 
collagen. 

It appears probable, therefore, that the conversion of collagen to gelatin 
involves something more than the disorientation of long chain molecules as¬ 
sembled in crystallites. The facts suggest hydrolytic disruption of definite 
chemical interlinkages between these long chains. These linkages, causing some 
degree of two-dimensional and three-dimensional polymerization or macro¬ 
molecule formation, confer insolubility and greatly restricted intramicellar 
water absorption. A reaction of the types 


0 

// 

-COOH + -OH = (-C-O-O-) + HjO 

0 

// 

-COOH + -NH 2 = (-C-O-NH-) + (H* 0 ) 


between side groups of the primary molecular chains would account for the 
phenomena; they would thereby be brought into line with the vulcanization 
of rubber, the “permanent set” of steamed hair, and perhaps other changes in 
high molecular substances. 

Rochester, N. Y. 



COLLOID CHEMISTRY OF ASPHALTS 

BY CHARLES MACK 

Zsigmondy made the following statement—“we arc accustomed in chem¬ 
istry to ask investigators who speak of the existence of a chemical compound 
to give proofs of its existence, its make-up, and its detailed description.” In 
the application of this statement to asphalts, we find that our knowledge of 
.this material is very poor and empirical. 

If we consider asphalt as belonging to the realm of colloid-chemistry, it 
must be studied from both the chemical and physical aspect, since the col¬ 
loidal state is an intermediate one between physics and chemistry. 

Chemistry of Asphalts 

According to Marcusson 1 asphalt is composed of five groups of compounds: 
Oily constituents; asphaltic resins; asphaltenes; carbenes and carboids; as¬ 
phaltic acids and anhydrides. 

Oily Constituents. The oily constituents may be separated from asphalt 
by first mixing the latter with Fuller’s earth or some adsorption clay and then 
extracting the mixture with petroleum ether These compounds appear as a 
viscous oil similar to cylinder oil and are usually fluorescent. They are hydro¬ 
carbons, and generally contain small percentages of sulphur and oxygen. 

Asphaltic Resms. The asphaltic resins represent the intermediate prod¬ 
ucts formed in the transformation of oily constituents into asphaltenes by 
oxidation with air. They are solid with a softening point of ioo° C or higher. 
They vary from reddish to dark brown in colour. When adsorbed by clay 
they cannot be extracted with petroleum ether. The adsorption clays poly¬ 
merize the asphaltic resins with partial formation of asphaltenes. The best 
method for their separation is due to Sachanen. 2 The asphaltic acids are first 
of all extracted from a solution of asphalt in 5 parts of benzene by means of 
alcoholic potash solution. After having washed out the benzene layer with 
water the asphaltenes are precipitated with petroleum ether. The remaining 
solution which contains the resins and oily constituents is treated with silica 
gel in the ratio of 100 parts of silica gel to 1 part of resins. The oily constitu¬ 
ents are extracted with light naphtha and the adsorbed resins with chloroform. 

Sachanen found that the molecular weights of the resins depend upon the 
molecular weights of the oils from which they are derived, and that they are 
always somewhat higher than the molecular weights of the oily constituents. 
The resins contain oxygen and are oxidation products of the oily constituents 
and not products of condensation. Resins form true solutions with certain 
solvents. 


* “Die natuerlichen und kuenstlichen Asphalte” (1931). 

* Sachanen and Wassiliew: Petroleum Zeit., 23 , No. 36, 1618 (1927). 
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Asphaltenes. Asphaltenes are formed from asphaltic resins by further ac¬ 
tion of sulphur or oxygen. They appear as a dark brown to black powder. 
On heating they do not melt but swell. Their specific gravity is higher than i. 
They are soluble in benzene, chloroform, carbon tetrachloride and insoluble in 
ether, petroleum ether and alcohol. Before they dissolve in the solvents 
mentioned above they swell. By evaporation of these solutions homogeneous 
solutions of high concentrations can be obtained which set to gels at lower 
temperatures. In contrast to the asphaltic resins the asphaltenes form 
colloidal solutions. 

Chemically speaking, the following reactions are characteristic for asphal¬ 
tenes as well as for asphaltic resins: When treated with fuming nitric acid they 
are changed into nitro-compounds soluble in acetone, which after treatment 
with alcoholic potash solution become soluble in water. The alkali salts of 
these nitro-compounds are precipitated by calcium chloride, silver nitrate, etc. 

Asphaltic resins and asphaltenes form addition products with sulfuric acid. 
They are oxidized by potassium permanganate to acids. They do not react 
with diazo-compounds nor with phosphorus pentachloride, but form molecular 
compounds with mercuric bromide and ferric chloride. They cannot be saponi¬ 
fied and show only small acetyl numbers. According to these properties as¬ 
phaltenes and asphaltic resins do not appear to react like acids, esters or lac¬ 
tones, or to contain alcoholic or phenolic hydroxy or oxy-groups. 

Poell 8 has shown that the determination of iodine numbers on asphalts and 
lubricating oils have no meaning since the amount of iodine taken up can be 
found as hydriodic acid. This would indicate that no double bonds are pres¬ 
ent, and that in these cases iodine substitutes hydrogen. The chemical prop¬ 
erties of the asphaltenes and asphaltic resins seem to indicate that they are 
polycyclic compounds containing oxygen and/or sulfur in bridge or hetero¬ 
cyclic linkage. Generally speaking, however, it is difficult to definitely estab¬ 
lish the structure of compounds of high molecular weight from their chemical 
reactions. 

Carbenes and Carboids. These compounds are present in petroleum as¬ 
phalts only in minute quantities. Whereas, the carbenes are soluble only in 
carbon bisulphide, the carboids are totally insoluble in all solvents. They are 
obtained when asphalt is dissolved in cold carbon tetrachloride. The material 
insoluble in this solvent represents a mixture of carbenes and carboids. The 
solubility of the carbenes in carbon bisulfide is used as a means of separating 
them from the carboids. 

In their chemical reactions with sulfuric acid, nitric acid, ferric chloride, 
mercuric bromide, etc. the carbenes and carboids behave like asphaltenes, and 
appear to be condensation or polymerization products of asphaltenes. 

AsphaUtc Acids and Their Anhydrides . They are present in petroleum 
asphalts in small percentages only, in contrast to natural asphalts, which con¬ 
tain them in larger percentages, as high as 12%. The asphaltic acids are sep¬ 
arated from asphalts by cold extraction of a solution of asphalt in benzene 

* Petroleum Zeit., 27 , No. 45, 817-826 (1931). 
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with alcoholic potash solution. Having removed the asphaltic acids their an¬ 
hydrides can be extracted as acids from the asphalt solution in benzene after 
saponification. 

The asphaltic acids are brownish black in colour and form a tar-like or 
resinous mass usually containing sulphur. When heated to i2o°C they are 
converted into the corresponding anhydrides and at higher temperatures are 
transformed into unsaponifiable substances. 

Colloid Chemistry of Asphalts 

The three main constituents of asphalts are asphaltenes, asphaltic resins 
and oily constituents. Asphalt forms a lyophilic sol. In our investigations 
we have considered the asphaltenes as the dispersed phase and the mixture of 
asphaltic resins and oily constituents as the dispersion medium. For sim¬ 
plicity this mixture of asphaltic resins and oily constituents will be referred to 
as “petrolenes,” the term which is generally used. 

Lyophihc Sols are characterized by: (i) Their relative stability; (2) diffi¬ 
culty in detecting particles of the disperse phase under the ultramicroscope; 
(3) high viscosity, often exhibiting elastic properties; (4) the property of 
forming gels; (5) low solubility of the solute in the solvent at the temperature 
of gel formation. 

With respect to the first characteristic, asphalts generally represent a 
stable system. Investigations by Holde 4 have shown that asphaltenes in 
solution are amicroscopic under the ultra-microscope. 

• Viscosity of Asphalts 

One of the most important properties of asphalts is viscosity, since in 
practice the specifications for asphalts are generally expressed in terms of 
viscosity such as softening point and penetration. The softening point is de¬ 
fined as the temperature at which an asphalt that has been poured into a 
brass ring of standard size becomes soft enough to allow a steel ball of stand¬ 
ard size to fall through it. The penetration of an asphalt is the distance 
measured in tenths of millimeters which a needle loaded with 100 grams will 
penetrate during 5 seconds under standard temperature conditions. 

Penetrations are generally taken between o and 37.8°C. The viscosities 
of the asphalts studied were determined over the same temperature range 
since their viscosities at these temperatures are of importance with respect 
to their behaviour on the road. 

For the determination of viscosity at low temperature, Pocchetino’s fall¬ 
ing cylinder apparatus 5 has been used. The apparatus consists of two vertical 
coaxial cylinders, the clearance between the cylinders being 0.0075 cm. The 
asphalt is poured between the cylinders to a certain height. The inner cylin- 

4 Z. angew. Chem., 21, 2143 (1908). 

6 Nuovo Cimento, 8, 77. 
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der is loaded with weights and the velocity with which it descends is measured. 
The viscosity is calculated from the following integrated formula: 


N = 


P ]n R2 

2 irhv Ri 


(i) 


where N - viscosity in poises; P = total weight; v = velocity; L length of 
tube of asphalt; R 2 = radius of outer cylinder; Ri = radius of inner cylinder. 

To study the influence of the concentration of asphaltenes upon the vis¬ 
cosities of asphalt, the asphaltenes were separated from the mixture of as¬ 
phaltic resins and oily constituents (petrolenes) in the following way: 

The asphalt was shaken with 50 parts of petroleum ether until the petro¬ 
lenes were dissolved and the solution was then allowed to stand for 48 hours 



in the dark. The extract was filtered from the asphaltenes. The asphaltenes 
were washed with petroleum ether until the filtrate was colourless. To free 
the asphaltenes from the last traces of resins they were dissolved in 10 parts 
of benzene and precipitated with 100 parts of petroleum ether. The procedure 
was then repeated. The different extracts of the asphaltenes were combined 
and filtered through an ultra-filter in an atmosphere of carbon dioxide. The 
ultra-filter was prepared from a hard filter paper by first treating it with a 2% 
solution of collodion in an ether-alcohol mixture and while still wet, coagulat¬ 
ing the collodion with petroleum ether. The filtrate was then freed from the 
solvent by distillation removing the last traces under vacuum at 2oo°C. The 
petrolenes thus prepared were found to be free from asphaltenes. 
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In Table I, the viscosities are shown foT mixtures of asphaltenes and petro- 
lenes obtained from a blown Mexican asphalt of a softening point of 64°C. 
Asphaltenes separated by the usual method from asphalt must be kept in so¬ 
lution in benzene because if they are dried after precipitation with naphtha 
they cannot be re-dissolved in the petrolenes. 

Structural viscosity has not been found to occur in these mixtures. By 
loading the inner cylinder of the falling cylinder apparatus with different 
weights, thus varying the velocity gradient, the same viscosity coefficients 
were obtained, within the allowable experimental error. The discontinuity of 
the log viscosity-concentration curves (Fig. i) would indicate that structural 
viscosity occurs at concentrations between io and 20%. However, a sphere 
of about 1 cm diameter of the mixture containing 20% of asphaltenes spreads 
in about 5 hours on a plate at room temperature, indicating that this mixture 
is a liquid of high viscosity and not a plastic material. 

From Table II it will be readily seen that relative viscosity increases with 
falling temperature and increased percentage of asphaltenes, i.e., at o°C from 
2.13 for a 2% sol to 1792 for a 20% sol. 

From this fact, and taking into consideration the formation of colloidal 
solutions of asphaltenes in benzene, it may be concluded that the asphaltenes 
are present in asphalts in colloidal state in the form of the emulsoid type. 
The concept of asphalts being stable suspensoid sols must necessarily be re¬ 
jected, since the temperature coefficient of relative viscosity in lyophobic sols 
is merely that of the dispersion medium. 


Table I 

Viscosity of Sols of Asphaltenes in Petrolenes in Poises 


Asphaltenes 


@ o°C 

@ I 5 - 5 ° C 

@2 5 °C 

@ 37 . 8 °C 

@ I20°C 

0% 

7 

44 X 10 6 

4 70 X io 6 

1 10 X io 6 

1.86 X io 4 

1-645 

2% 

1 

59 X io 7 

1 03 X io 6 

2 00 X io 6 

2 89 X io 4 

2 226 

5 % 

5 

03 X io 7 

2 48 X io 8 

4 65 X io 6 

5 59 x io 4 

3-437 

10% 

5 

35 X io 8 

1 35 X io 7 

2 20 X io 6 

3.61 X io 8 

7 094 

16% 

4 

44 X io B 

1 38 X io 8 

2 22 X io 7 

2.17 X io 6 

18.85 

20% 

1 

33 X io 10 

2 79 X io 8 

4 03 X io 7 

4 18 X io 8 

33 -n 




Table II 





Relative Viscosities of Asphaltenes in Petrolenes 


% Asphaltenes 

o° 

15 - 5 ° 

25 ° 

CP 

bo 

0 

120° 

2 


2.137 

2.136 

1.82 

1-552 

1 353 

5 


6.76 

S-28l 

4.23 

3 00 

2 09 

10 


71.82 

28.8l 

20.01 

19-37 

4-312 

16 


596.4 

294.1 

201.8 

116.2 

u-45 

20 


1792-3 

592.9 

367.0 

224.2 

20.12 
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The Concentration Function 

Since relative viscosity is a function of particle size, an attempt was made 
to apply several of the formulae dealing with the relationship between relative 
viscosity and concentration. 

By a re-arrangement of Einstein's formula 

N B = N (1 + 2.5 c) (2) 

where N, = viscosity of suspension; N = viscosity of dispersion medium; 
c = concentration of dispersed phase expressed as volume of suspensoid in 
unit volume of suspension, we obtain 

N B /N - 1 = 2.5 c (3) 

The expression on the left hand side of the equation represents “relative 
viscosity — 1” and is the viscosity by which the viscosity of the dispersion 
medium is increased under the influence of the dispersed phase. Staudinger 6 
calls this expression “specific viscosity” and denotes it by means of the follow¬ 
ing formula: 

N spec = c Km M (4) 

where N spec = specific viscosity; c = concentration; M — molecular weight 
of the solute; and Km = a constant which has to be determined from viscosity 
data of the lower members of homologous rows. 

The application of this formula to the viscosity data of asphalt may be 
best illustrated by means of an example. The values of N spec/c for a 2% 
solution of asphaltenes in petrolenes are 0.176 at i2o°C and 1.068 at o°C. 
Since Km is a constant the molecular weight of the asphaltenes must be 
1.068/0.176 = six times higher at o°C than at i2o°C. It is evident that this 
is impossible with relative viscosities of 2.137 at o°C and 1.353 at i2o°C. 

Arrhenius' formula 7 

N/N 0 = K c (5) 

in which N 0 = viscosity of solvent; N = viscosity of solution; c = concentra¬ 
tion; K * a constant, does not take into consideration the molecular weight 
of the solute, and has not always been found to agree with the facts. 

Kendall and Monroe 8 have chosen compounds which form ideal solutions 
to ascertain the relation between viscosity and concentration. They have 
carried out viscosity measurements on naphthalene solutions in benzene and 
toluene at 25°C. The freezing points of these solutions have been determined 
by these investigators and found to be in agreement with the law of ideal so¬ 
lutions. Kendall and Monroe derived from their measurements a formula 
showing the viscosities of the solvent and of the solute to be additive which 
was found to give good results for the viscosity concentration relationship. 
However, since the viscosity of the solute differs with different solvents, this 
relationship has no meaning at all. 

* Ber., 63 , 222 (1930). 

7 Medd. Vetenskapsakad. Nobelinst., 3 , No. 21 (1917). 

• J. Am. Chem. Soc., 39 , 1802 (1917). 
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It was therefore very desirable to develop a formula connecting viscosity 
with concentration from which the molecular weight of the solute could be 
calculated. As far as it is known, a valid formula of this kind has not yet 
been published. 
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Log. relative viscosity vs. conctr. in percent by weight. 
O Naphthalene in Benzene 
• Naphthalene m Toluene 


Table III 

Viscosities of Solutions of Naphthalene in Benzene and Toluene in 
Centipoises (Temp. 25 0 ) 

(Kendall and Monroe) 

Naphthalene in Benzene Naphthalene in Toluene 

% of solute Absolute vis- % of solute Absolute vis- 

in solution cosity m c.p. in solution cosity in c.p. 


0 0 

0 6048 

0 0 

0 5526 

8 11 

0 6565 

5 73 

0 5848 

17 16 

0 7261 

13 72 

0 6394 

22 97 

0 7707 

20 12 

0 6866 

28 82 

0 8263 

27 3i 

0 7470 


34 10 o 8764 

For these investigations Kendall and Monroe’s data on naphthalene solu¬ 
tions has been chosen (Table III). 

It has been found that when the logarithms of the relative viscosities for 
the solutions of naphthalene in benzene are plotted against concentration, a 
straight line is obtained upon which the logarithms of the relative viscosities 
for naphthalene in toluene are found to fall (Fig. 2). Since the straight line 
goes through the zero point the mathematical expression for the viscosity 
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concentration curve is y = e ax ) and the formula for the viscosity concentra¬ 
tion relationship reads 

log rel. viscosity = cK (6) 

where “c” is the concentration in weight percent and “K” a constant. 

The same formula is also obtained in another way. The logarithms of the 
absolute viscosities for these solutions plotted against concentration form a 
straight line. The absolute viscosities of solutions as a functiop of the con¬ 
centration can be represented by y = ae kx . Since “a” is a function of “y” 
when x - 0 f the exponential equation reads y = y 0 e kx . By applying this 
equation to viscosities and using the logarithmic form we obtain 

log N = log No + c K (7) 

and log N — log No = c K (8) 

which is the same as formula (6). 


Table IV 

K for Naphthalene Solutions 
In Benzene In Toluene 


% Naphthalene K 

% Naphthalene 

K 

8.11 

0.004392 

5-73 

0 004293 

17.16 

0.004626 

13-72 

0.00461 

22.97 

0.004584 

20.12 

0.004636 

28 82 

0.004702 

27*31 

0.004793 

34*10 

0.004724 

Average for K = 

0.004609 



Table V 



Viscosities of Diphenyl Solutions 



In Benzene 

In Toluene 


% Diphenyl 

Viscosity K 

% Diphenyl Viscosity 

K 

0 

0.6051 

0 0.5526 


18.08 

0.7585 0.005427 

21.38 0.7335 

0.005752 

30.57 

0.9014 0.005662 

Average for K = 

= .005614 


The data of “K” for the naphthalene solutions tabulated in Table IV 
shows good agreement, and the same holds for solutions of diphenyl in ben¬ 
zene and toluene (Table V) the viscosity data of which has also been taken 
from the work of Kendall and Monroe. 

Since the concentration by weight percent has been considered with respect 
to the relative viscosity, the constant “X” must be a function of the mo¬ 
lecular weight 

K - k.M (9) 

and formula (6) becomes 


log relat. viscosity = c.k.M 


( 10 ) 
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where “fc” denotes a universal constant and “M” molecular weight. The 
molecular weights of two different compounds must be in the following ratio: 

Mi _ log rel visci c 2 _ Ki 
M 2 log rel visc2 Ci K 2 

For diphenyl (Mi = 156) and naphthalene (M2 = 128) the calculations 
of both sides of the equation give the value 1.2. 

The value for “k” has been calculated and found 

k = 3.6 X 10- 6 

Formula (10) has been tested on different viscosity data of solutions and 
has been found to be as accurate as the cryoscopic method for determination 
of molecular weight (Table VI). 

Table VI 



% Rel. Vise. 

By-Wt. @ 25 0 

k.M 

M 

M 

Calculated Error 

Sucrose in water 

13 03 1 3083/0 8953 

0 01264 

342 

1 351 

+2 6% 

Benzyl-benzoate 
in toluene 

41 69 1 183/0 552 

0 00794 

212 

1 220 

+3 7 % 


That the uniformity of the solvent has no influence upon the validity of 
this method may be seen from viscosity measurements of naphthalene dis¬ 
solved in mineral oil. The viscosities were taken at yo°C and the mineral oil 
had an average molecular weight ol about 300. 


% 

Time of 
flow in (sec.) 

Spec. 

Gravity 

log time of flow 
+ log spec. grav. 

Mineral Oil 

44 5 

© 8473 

1 57640 

Naphthalene in 

Mineral Oil 173 

37 0 

0 85x4 

1 49833 


The log relative viscosity would be 0.92193 — 1, a negative figure, which 
corresponds to a negative value for k. Putting both negative figures in 
formula (10) and multiplying both sides with — 1 we obtain for k.M = .00451, 
from which a molecular weight of 125.3 for naphthalene is calculated, which 
differs from the real molecular weight 128.1 by 2.2%. 

In cases where the logarithm of the relative viscosity is not a straight line 
function of the concentration, association and/or solvation may be assumed. 

In cases where solvation occurs, the degree of solvation can be calculated 
from formula (10) assuming that the molecular weight of the solute is known 
and that the solute is not associated. 

log rel. viscosity = c.P.k.M (12) 

where is the solvation factor by which the concentration and also the 
molecular weight of the solute has to be multiplied to obtain the concentration 
which is composed of solute plus solvent. 
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It is generally accepted that gel formation and high relative viscosities of 
sols of lyophilic colloids are caused by solvation. If solvation is considered as 
a chemical combination between solute and solvent or as some form of attach¬ 
ment of the solvent to the dispersed phase, it can only occur in cases where 
both components are polar. There are however substances which show the 
same phenomena of colloids in non-polar solvents such as benzene. Hence 
solvation in this case can be considered as a solution process, which also ap¬ 
plies to true solutions. Thus it seems that the term “solvation” is rather an 
indefinite one in its meaning. 

The polar substances present in asphalts are the asphaltenes and asphaltic 
resins since they form molecular compounds with ferric chloride and mercuric 
bromide. Since asphaltenes are soluble in asphaltic resins (Sachanen 9 ) and 
from other reasons to be discussed later, both groups were studied from the 
viewpoint of solvation. The procedure was as follows: 2 g of asphaltenes were 
shaken for 30 minutes with 1, 2 and 3 g of resins dissolved in petroleum ether 
to give a final volume of 100 cc. After centrifuging the concentrations were 
determined. In order that equal particle size of the asphaltenes could be ob¬ 
tained in each case, the asphaltenes (2 g) were dissolved in 10 cc. of benzene 
and precipitated by slowly adding sufficient petroleum ether to give a total 
volume of 200 cc. The precipitated asphaltenes were separated by centrifug¬ 
ing for 20 minutes. The liquid was decanted, and the asphaltenes were shaken 
with 200 cc. of petroleum ether and centrifuged again. 

From a consideration of the system “asphaltenes-resins” there are three 
possibilities: (a) Formation of a chemical compound, the amount of resins 
combined with the asphaltenes must be constant; (b) solutions of the resins in 
the asphaltenes; Henry's law of distribution must be obeyed, (c) Adsorption 
of the resins at the surface of the asphaltenes according to Freundlich's law 

a/m = Kc^ (13) 

where a = weight of the adsorbed material in g; m = adsorbent in g; K and n 
= constants. 

The data shows that cases “a” and “6” are not found to hold— 



Amt of 

Amt of 

ci Concen’n 

C2 Concen'n. 


No. 

resins 

asphaltenes 

of resins in 

of resins 

C1/C2 


g 

g 

asphaltenes 

% 

in pet. ether 

% 


1 

1 

2 

13 64 

0 7420 

18 38 

2 

2 

2 

21 36 

1 6048 

13 31 

3 

3 

2 

23 77 

2 5760 

9 22 


By the application of Freundlich’s law to the results obtained, and by di¬ 
viding the equations for 2 in 1 and for 3 in 4, the calculated values for 1 /n 
are equal to 0.58 and 0.57, indicating that the resins are adsorbed by the as¬ 
phaltenes. In 3 the saturation point is almost reached and a further addition 
of resins would not increase the amount of resins adsorbed by the asphaltenes. 


9 Petroleum Zeit., 21, No. 23, 1442 (1925). 
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Since surface phenomena have a predominating influence it can be assumed 
that the distribution law is masked by them, and that adsorption is a limited 
case of solution. 

The petrolenes from the Mexican asphalt under investigation represent a 
solution containing 30.6% of resins and 69.4% of oily constituents. In the 
asphalt mixture containing 20% of asphaltenes 24.48% of resins are present, 
and we may assume that in this system also 23.77% of the resins as in 3 are 
combined with the asphaltenes due to solvation. Since the concentration as 
well as the molecular weight are both 1.23 times higher when solvation is as¬ 
sumed, the logarithm of the relative viscosity must be 1.51 times higher to 
Conform with formula (12). Taking the logarithm of the relative viscosity at 
12o°C as base, the corresponding logarithms of the relative viscosity are 1.8 
times higher at 37.8°, 2.0 at 25 0 , 2.12 at 15.5 0 , and 2.5 times higher at o°. 
These values are too high to account for solvation, and it is more reasonable 
to consider high relative viscosity as a result of association of the molecules of 
the solute, due to the inability of the solvent to overcome the space lattice 
forces which cause the polymeric bond. 

The data of k.M and M according to formula (10) for the different solu¬ 
tions of asphaltenes in petrolenes are given in Table VII. It will be readily 
seen that the asphaltenes are in true solution at 120° and associate with de¬ 
creasing temperature, and that the degree of association increases to a certain 
concentration only to decrease again. This is in accord with the fact that 
polar substances in solution which associate to form chain molecules (the di¬ 
pole moment is increased) may obtain their highest polarity at a certain con¬ 
centration, which differs with different temperatures. 

The average molecular weight of 1800 for the asphaltenes calculated from 
the relative viscosities indicates that the asphaltenes must be considered as 
hemicolloids. 


Table VII 


% 


Degree 



Degree 


Degree 

Asphalt 


( a > o° 

of 


@ IS 5° 

of 


& 25 ° 

of 

tenes 

k.M 

M 

Assoc 

k.M 

M 

Assoc. 

k.M 

M 

Assoc. 

2 0 

16496 

4580 

2 ! 

0 1698 

4710 

2f 

0 1301 

3610 

2 

5 0 

1650 

4580 

2 i 

0 1446 

4010 

2l 

0 12531 

3480 

2 

M 

O 

O 

1856 

5160 

3 

0 1459 

4050 

2l 

0 13012 

3610 

2 

l6 O 

17347 

4820 


0 15428 

4280 

2| 

0 14405 

4000 

2 I 

20 O 

16267 

4520 

22 

0 13865 

385 ° 

2l 

0 12823 

3 S 6 o 

2 


% Degree 


Asphalt 



<& 378° 

of 


<& 120° 

tenes 


k.M 

M 

Assoc. 

k.M 

M 

2 

0 

09553 

2650 


0 06568 

1820 

5 

0 

09542 

2650 


0 0640 

17.80 

10 

0 

12871 

3 S 8 o 

2 

0 0635 

1760 

16 

0 

12907 

3 S 8 o 

2 

0 0662 

1830 

20 

0 

i *753 

3260 

if 

0 0652 

1810 


Average M = 1800 
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Sachanen 2 determined the molecular weight of asphaltenes in benzene by the 
cryoscopic method and found values of 5-6000. The molecular weights of the 
asphaltenes from oxidized Mexican asphalt determined by the same method 
have been found to be of the same order. However, it was observed in one 
case that partial separation of the two phases took place. Molecular weights 
of the same asphaltenes in benzene solution determined by the viscosimetric 
method yielded the following results (Table VIII). The viscosities were de¬ 
termined at 2 5 0 and 7 0 , the latter in the neighborhood of the freezing point 
for benzene. 

Table VIII 

Viscosity of Asphaltene solution in Benzene 


% 

Time of 
flow in (s?c.) 

Spec. 

Grav. 

k.M 

M 

0 

251 

.8765 



4.102 

45-75 

8852 

.0646 

1794 

0 

32.2 

•8855 



4.102 

70 

.8942 

.08324 

2312 


The molecular weight obtained from the viscosity of the asphaltene solu¬ 
tion in benzene at 2 5 0 compares favorably with the values given in Table VII. 
At lower temperature the asphaltenes associate but not to such an extent that 
molecular weights of 5-6000 can be expected. 

Supersaturation 

It has already been pointed out that asphaltenes in the dry state cannot be 
redispersed in the petrolenes. This is readily understood when the average 
size of the molecules forming the petrolenes are taken into consideration. The 
molecules are too large to penetrate into the interstices between the asphaltene 
molecules. The asphaltenes have been found to be soluble in the resins when 
a solution of both components in benzene is evaporated. However, from a 
benzene solution of asphaltenes and oily constituents from Mexican asphalt 
the asphaltenes will settle out after evaporation of the benzene has taken 
place. In some asphalts the oily constituents are of aromatic structure, and 
they would therefore keep the asphaltenes in solution under the above con¬ 
ditions. 

Since the asphaltenes from the Mexican Asphalt are insoluble in their cor¬ 
responding oily constituents, it can be said that the asphalt forms a super¬ 
saturated solution of asphaltenes. 

P. von Weimam 10 who investigated the relation between particle size and 
supersaturation gave the following equation: 

N = J P/L (14) 

where N * Dispersion coefficient—amount of particles for a given concentra¬ 
tion; P * Degree of supersaturation influenced by the diffusion constant i.e. 


li Alexander's “Colloid Chemistry,” 1 (1926). 
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molecular mass, and is a function of temperature; J — Factor expressed by 
the velocity of condensation of the solute. This factor varies in the same sense 
as the actual size of the particles in solution and the viscosity of the solvent. 
It is also a function of temperature; L = The ordinary solubility of the solute. 

It follows that N is extremely great when colloid conditions result. This 
can be obtained by reduction of the solubility L by increasing P or increasing J . 

From this formula it may be expected that the asphaltene particles are 
smaller when the asphaltenes are insoluble in their corresponding oily constit¬ 
uents. 

Investigations made so far have shown that in asphalts which are very sus¬ 
ceptible to temperature change, ?.e., when the viscosity coefficient increases 
rapidly with falling temperature, the oily constituents are composed mostly of 
aromatic hydrocarbons. Since the asphaltenes are soluble in these hydrocar¬ 
bons, and thus are present in a lower degree of supersaturation, it can be as¬ 
sumed from von Weimarn’s equation that the asphaltene particles are larger 
in size in the case of asphalts, which are less susceptible to temperature change. 
On the other hand, it may be predicted from their larger particle size that the 
relative viscosities of very susceptible asphalts are also higher. Unfortunately 
the work has not been carried through yet with different asphalts from different 
sources in the way previously outlined. However, Ihe limited data on hand 
seems to confirm this viewpoint. For comparison the data may be given for 
an asphalt “A” of low susceptibility and an asphalt “B” of high susceptibility 
to temperature change both of the same asphaltene content (Table IX). 


Table IX 




Asphalt "A” 

Asphalt “B” 

Softening Point 

(Ring and Ball) 


64 7 °C 

64.4°C 

Penetration 100 gr. 

5 sec. at 37.8° 


IOO 

47 

at 25° 


41 

16 

Asphaltene content 


26 84% 

26 97% 

Relative Vise, at o° 


1972 

_* 

at 15 5 0 


1441 

29360 

at 25° 


544 

9206 

at 37 8° 


442 

1889 

k.M and M at o° 

O 

k M M 

1227 3400 

k M M 

at is 5 ° 

0 

11768 3260 

0 1656 4650 

at 2 5 0 

0 

10288 2850 

0 1469 4080 

at 37 8° 

0 

09857 2730 

0 12 14 3370 


♦This asphalt at o°C behaved almost as a solid body, so that its viscosity was too great 
to be measured. 

Since we have not yet determined the molecular weight of the asphaltenes 
from these two asphalts when in the monomeric state, we have to consider the 
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molecular weights in relation to this value at 37.8°C to bring these values to 
the same basis of comparison. The relations of the molecular weights are: 



Asphalt “A” 

Asphalt “B’ 

<g» O 0 

i 24 

— 

<& IS 5 ° 

i 19 

1 38 

@ 25 ° 

i 04 

1 21 

@ 

oo 

O 

1 00 

1 00 


The data seem to be in qualitative agreement with von Weimarn’s equation. 

Summary 

Asphalts have been considered as a sol of asphaltenes in a mixture of as¬ 
phaltic resins and oily constituents. Viscosity measurements have shown that 
asphalts have high relative viscosities at lower temperatures only, whereas, in 
the liquid state they behave like ideal solutions. 

Structural viscosity has not been found to occur in the asphalts which have 
been investigated; it is probable, however, t hat structural viscosity is more pro¬ 
nounced with higher concentrations of asphaltenes. 

An equation has been developed to calculate the molecular weight of the 
solute from viscosity measurements-log relative viscosity = c.k.M.— where 
c denotes concentration in weight percent, k a constant, and M molecular 
weight. 

The application of this equation, together with adsorption measurements 
of asphaltic resins on asphaltenes, seem to indicate that contrary to general 
opinion high relative viscosity is brought about by association rather than by 
solvation. 

Von Weimam’s equation dealing with particle size and degree of super¬ 
saturation was found to hold qualitatively for asphalts from two different 
sources which have the same asphaltene content, but show differences with 
respect to susceptibility to temperature change. 

The author desires to express his thanks to the Directors of the Imperial 
Oil Refineries, Limited, for the privilege of presenting this paper. 

Imperial Oil Refineries , Limited, 

Technical and Research Department , 

Sarnia, Ontario. 



THE SORPTION OF ORGANIC VAPORS BY GLYPTAL RESINS 


BY CLARENCE H. WINNING AND JOHN WARREN WILLIAMS 

Within the last years considerable progress has been made with studies 
whose purpose is to elucidate the structure of organic compounds of high 
molecular weight. The formation of these substances is thought to result 
from a number of recurring atomic groups which are linked together into 
large units by primary valence forces. A number of these units may or may 
not then be associated into larger groups to form what are known as crystal¬ 
lites or micells. Gel substances of this general type exhibit what we under¬ 
stand as colloidal properties. A surprisingly large number of these substances 
show regularities in the association of chain molecules and of the micells, but 
others are characterized by the presence of giant molecules arranged with a 
high degree of randomness. The resin formed by the reaction between gly¬ 
cerol and phthalic acid, technically known as glyptal, seems to be one of the 
latter type. It is, nevertheless, a porous body, and as such should show a 
swelling under proper experimental conditions. 

There are two general methods for the study of the swelling of a gel. In 
the first one, the substance is immersed in a liquid and the changes produced 
in certain of its physical properties are observed. For example, there will be 
a change in the volume, a change in the power to scatter light, and a change in 
the refractive index. The other method, commonly known as sorption, con¬ 
sists in allowing the porous body to come to equilibrium with proper vapors. 
The relationship between the two methods is obvious at the saturation 
pressure of the vapor. 

The work to be reported in this article is a sorption balance study of the 
equilibrium of glyceryl phthalate resins in the presence of acetone and methyl 
alcohol vapors. Its objects are five-fold: i. To determine the form of the sorp¬ 
tion isotherms at several temperatures and to interpret the curves in terms of 
the porous structure of the resin. 2. To determine the heat of the sorption 
process by the comparison of two isotherms. 3. To make an estimate of the 
average pore size from the sorption behavior in the neighborhood of satura¬ 
tion. 4. To study the changes in structure produced by variations in the cur¬ 
ing process to which the resin has been subjected. 5. To study the reversi¬ 
bility of the sorption process. 

So little is known regarding the structure of a synthetic resin that several 
kinds of investigation likely to contribute to the ultimate interpretation 
should be made. Experiments of the type to be reported here at least make 
possible a basis for the scientific comparison of different resins. It is also be¬ 
lieved that when sufficient data can be accumulated the method will be suc¬ 
cessful in demonstrating the existence and type of micellar structure. To 
obtain an estimate of the dimensions of these micells it will probably be neces- 
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sary to combine these results with deductions from other even more physical 
lines of reasoning such as a study of the elastic properties of the gel and the 
dielectric constant relations of proper suspensions in liquid media. Data of 
this sort should be of considerable value to industries interested in the de¬ 
velopment of these and other substances as plastics and varnishes, because 
among other things they will contribute to an understanding of such proper¬ 
ties as the rigidity of the resins, and the retention of vapors by them. 

4 

Experimental 

Apparatus and Procedure . The experimental results to be presented are 
sorption and desorption isotherms of glyptal resins in equilibrium with dif¬ 
ferent vapor pressures of acetone and methyl alcohol. 

The apparatus used was a McBain-Bakr balance, 1 adapted to the sorption 
of vapors by powdered resins. In principle it is a spring balance suspended in 
an evacuated chamber. The required vapor pressure of the organic liquid 
was obtained by maintaining a known temperature in a bath surrounding the 
liquid which had been collected in the reservoir, which is in turn connected to 
the sorption chamber proper. The amount of sorption at any vapor pressure 
was obtained from the difference in weight, determined from the elongation of 
the spiral, between the sample before and after the sorption process had taken 
place. 

The procedure will be evident from a study of Fig. A, in which the ap¬ 
paratus is diagrammed. The four quartz springs were suspended from brass 
cylinders which were mounted in the special sorption chambers. The ground 
glass joints fitted with mercury seals facilitated the changing of samples. 
The chambers containing the springs were maintained in a well-insulated air 
thermostat fitted with double plate glass windows on opposite sides. The 
temperature in the bath was controlled by a special mercury-toluene regulator 
which permitted variations not greater than o.2°C. 

Evacuation of the system was accomplished by means of a mercury vapor 
condensation pump backed by an oil pump of conventional design. Oil vapors 
were prevented from entering the vacuum line and organic vapors were pre¬ 
vented from reaching the pump by means of liquid air traps. The pressures 
were indicated by a McLeod gauge. 

After thorough evacuation of the system to remove moisture the liquid 
whose vapors are to be sorbed is introduced into a side tube J—connected 
with the main sorption chamber by a capillary tube. The liquid was then 
frozen with liquid air and the system again evacuated. As the solidified 
liquid was allowed to warm up and melt, any gases which had been dissolved 
were given up. The liquid was again frozen and the system re-evacuated. 
This process of outgassmg the liquid and evacuation was repeated until the 
dissolved gases had been completely removed. 

The lengths of the quartz springs were then measured to obtain the weight 
of the dry resin samples in vacuo. These samples are contained in extremely 


1 J. Am. Chem. Soc , 48, 690 (1926). 
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thin glass bulbs fitted with hooks to attach them to the spirals. Each balance 
had been previously calibrated throughout the working range by noting the 
elongations caused by known weights, using a precision cathetometer which 
was accurate to 0.01 mm. Within the limits of error and within the range in 
which we were operating the elongations produced over successive 0.0 5 g. inter¬ 
vals could be considered to be proportional to the weights attached. Previous 
to the calibration the springs had been carefully annealed. 

The liquid was then distilled at a low vapor pressure from the side tube 
through the capillary tubes connecting tubes I into the bottoms of the liquid 
retaining tubes H. Condensation on and sorption by the samples was pre- 



Fig. A 

Diagram of Apparatus 


vented by chilling the bottom of these tubes with liquid air contained in 
vacuum bottles. After a sufficient amount of the organic vapor has been con¬ 
densed each of the four units is sealed off at the constricted connecting tube. 

To control the vapor pressure of the liquid in the sorption chambers it was 
necessary to circulate a liquid at controlled temperatures about the portion of 
the tubes in which the liquid was contained. Since it was at times necessary 
to cool the liquid to temperatures below zero it was convenient to use a mix¬ 
ture of glycerine and water for this purpose. It was pumped from a thermo¬ 
stat in which the temperature was regulated to 0.02° C. The circulation was 
such that at least 6 liters of the thermostat liquid flowed in each direction in 1 
minute. The corresponding vapor pressure of the sorbate was obtained from 
standard tables of physical constants. Measurements of the elongation of the 
spiral were always continued until no change in the reading of the cathetometer 
could be observed after a 4 hour period. It was then assumed that the sample 
had reached a constant weight. That this assumption was not always entirely 
justified will be evident from a study of the sorption curves in the regions of 
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low vapor pressure. It happens, however, that the very slow rate of sorption 
in these cases is of considerable importance for the conclusions with regard to 
the structure of the resin, and they will be considered in some detail. Constant 
weight was never attained in less than 24 hours, and sometimes considerably 
longer periods of time were required. The amount of sorption at $ny of the 
pressures used could always be calculated from the weight of the dry sample 
in vacuum. For each sample at a given temperature both sorption and de¬ 
sorption curves were obtained. The pressures ranged from very small values 
to values approaching saturation. This method of experimentation has the 
advantage that in addition to the equilibrium value itself the rate at which the 
sorption equilibrium is attained may be observed. 

The sorption took place in samples of resin which had been prepared in 
powdered form. The adsorption on the external surface of the powder was of 
minor importance compared to the process taking place within the structure 
of the resin itself. 

Materials used . The acetone was purified by distillation from the sodium 
iodide addition product, and subsequent drying, following the directions given 
by Shipsey and Werner. 2 

Methyl alcohol of a high grade of purity was subjected to the treatment 
described by Bjerrum and Zechmeister 3 for the removal of water. 

The glyptal resin samples were prepared using glycerol (98% grade) and 
phthalic anhydride (C.P. grade). The relative proportions of these substances 
used was two molecules of glycerol to three molecules of phthalic anhydride. 
The glycerol was first heated to 200° C, then the anhydride was added, taking 
care to always maintain this temperature during the course of the reaction. 
The reacting mixture was frequently stirred. The heating was continued 
for exactly four hours. Samples of this resin were cured in an oven maintained 
at 105° C for periods of time up to 275 hours. All resin samples, unless other¬ 
wise noted, were taken from the same parent resin and cured for the lengths of 
time indicated in the tables of data, and in the discussion of the solubility of 
the resins. 

A cellulose acetate sample was obtained from the Eastman Kodak Com¬ 
pany. It was described by them as having been prepared by a method which 
“leads to the complete solution of the cellulose acetate in the esterifying bath.” 

Data and Results 

Data and Graphs for the Sorption Isotherms. The experimental data are 
presented in the form of tables and graphs. In each case the number assigned 
to the graph corresponds to the number of the table. The data of Table I 
have been plotted on three curves. The first graph shows the position of 
the sorption and desorption isotherms at 50° for acetone vapor on the several 
samples of glyptal resin. Recognizing the fact that the sorption and desorp¬ 
tion processes were so slow in the region of the very low relative pressures that 
it would be quite impossible in the time at our disposal to attain the true 

1 J. Chem. Soc., 103 , 1255 (1913). 

1 Ber., 56 , S94 (1923)* 
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equilibrium positions of the isotherms, we have plotted a second series of iso¬ 
therms which have been called equilibrium curves. These curves have been 
obtained by an averaging process from the sorption and desorption curves as 
actually observed. In assigning an x/m value for a given p x /p 8 the relative 
rates of the sorption and desorption processes have been considered. For the 
more nearly reversible systems (the cured resins) the greater portion of the 
equilibrium curve could be calculated without much difficulty, and, we be¬ 
lieve, with considerable accuracy. It is of course true that there is a consider¬ 
able uncertainty in the position of the equilibrium isotherms at the very low 
relative pressures. It may be well to remark at this point that what conclu¬ 
sions we have drawn from the first portions of the various isotherms in the 
sections of this report have depended not upon the position of an equilibrium 
curve but upon the rate at which progress toward such an equilibrium was 
being made. These equilibrium curves are shown in Fig. ia. 

Fig. ib, for which data are found in Table I as well as in Table lb, shows 
the 35 0 and 50° isotherms for acetone vapor being taken up by the sample of 
cellulose acetate. It will be observed that the hysteresis is somewhat less at 
the higher temperature. The points on the curves have been obtained 
only after at least 24 hours was allowed for the attainment of equilibrium. 
Even under these conditions there was some evidence that the true equilib¬ 
rium position had not been attained, in spite of the fact that several recent 
investigators claim that other vapors come to equilibrium with this and similar 
material in periods of one and two hours. We should also mention that all of 
our experiments have been made in a continuous manner, the relative satura- 



Acetone — 50° Isotherms 

-Special Resin 

-Resin I 

— — Resin III 
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Acetone—50° Isotherms 
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tion pressures being gradually increased, and, after reaching a practical limit¬ 
ing value, they were gradually reduced, with stops of not less than 24 hours 
at pressures where observations were made. 



Fig. ib 

Acetone—Isotherms for Cellulose Acetate 

-50° Curve 

-35° Curve 


Table I 


Data for 50° Isotherms—Acetone Vapor 


Px/P. 
o 109 
230 
374 
543 
687 
804 
882 
687 
408 

IOQ 


Amount sorbed per Gram (x/m) 

Special Cellulose 

Resin I * Resin * * Resin III Acetate 


0 on 

0 on 

0 000 

0 035 

033 

034 

007 

060 

059 

043 

057 

096 

097 

IOI 

141 

141 

206 

236 

215 

185 

378 

465 

308 

228 

560 

670 

408 

261 

273 

304 

222 

190 

OO 

173 

102 

136 

»30 

120 

050 

057 


* In this and the following tables, as well as in the text, Resin I refers to a sample of 
glyptal resin prepared by cooking for exactly 4 hours, which is uncured: Resin II refers to 
samples of the same resin which have been cured for 42 hours; and Resin III refers to similar 
samples which have been cured for 275 hours. 

** This resin differs from Resin I in that it was removed from the reaction flask at the 
end of a 3 hour period. 
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Table lb 

Data for 35 0 Isotherms—Acetone Vapor 


px/p. 

Cellulose Acetate 
*/m p x /p. 

x/m 

0.193 

O.O63 

0.871 

0.258 

.407 

. 106 

.662 

.201 

.608 

•I 5 S 

.424 

.149 

• 752 

.197 

•193 

.090 



Fig. 2 

Methyl Alcohol—50° Isotherms 


- Resin I 

-Resin II 

— — Resin III 



Fig. 2a 

Methyl Alcohol—50° Isotherms 
Equilibrium Curves 


Table II and Figs. 2 and 2a have been constructed from the experimental 
data taken during the 50° sorption and desorption process for resins in the 
presence of methyl alcohol vapor. The figures correspond to those just pre¬ 
sented for the behavior of the resins in the presence of acetone vapor. 

In order to be able to compare directly the difference in behavior between 
acetone and methyl alcohol with respect to a given resin Table III and Fig. 3 
have been presented. They show that although the affinity of the resin for 
acetone is greater than it is for methyl alcohol, the rate at which the methyl 
alcohol is able to penetrate the resin at the beginning of the sorption process 
is the greater. 
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Table II 


Data for 50° Isotherms—Methyl Alcohol Vapor 

p./p. 

Amount sorbed per Gram (x/m) 

Resin I Resin II Resin III 

Cellulose 

Acetate 

0 073 

0 002 

0 005 

0 007 

0 014 

265 

031 

041 

026 

038 

•456 

044 

067 

062 

060 , 

748 

148 

•155 

M 3 

102 

898 

408 

344 

228 

134 

.762 

220 

195 

149 

120 

476 

146 

116 

072 

079 

167 

ii 5 




073 


093 

029 

014 

Data for 35 0 

Isotherm 

Table III 

Data for 35 0 Isotherm 

Methyl Alcohol Vapor 


Acetone Vapor 

Resin II 

P*/P. 

x/m 


Resin II 

pv/pg x/m 

0.147 

0 010 


0 193 

0 005 

•355 

035 


288 

016 

•559 

081 


425 

071 

760 

124 


582 

130 

910 

252 


794 

•338 

0 

00 

174 


648 

238 

J -430 

132 \ 


467 

• iQ 5 

l 430 

os? / 


256 

.183 


0.375\ 








1 

f 

1 



« 

1 

i 

J i 

/« • 

• 1 ! 

* • ! 

• 1 4 


* 

* 

a * 

•7 4 

S t 

* i 

* 





0.32 


0.64 


a 96 


Fig. 3 

Resin II—35 0 Isotherms 
Upper Curve—Acetone 
Lower Curve—Methyl Alcohol 


The data of the three tables repre¬ 
sent approximately one-half of the 
experimental measurements. The 
other data, obtained for the most part 
at 35 0 , are in all respects similar in 
character, and have not been pub¬ 
lished solely in the interest of a sav¬ 
ing in space. 

Solubility of the Resins in Acetone 
and Methyl Alcohol. Approximately 0.1 
g samples of each of the series of resins 
were covered in test tubes with 5 to 
6 cc of dry solvent. The tubes were 
then sealed. The solvent action was fol¬ 
lowed for a considerable period of time. 
The tubes were viewed by both trans¬ 
mitted and reflected light, and in a 
Tyndall beam. The results of these 
solubility tests, using acetone and 
methyl alcohol as solvents, are tabu¬ 
lated below. The word “solution” is 
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used in the sense in which it is usually applied to materials of this sort. 
The resins used were of the series previously described in the section on the 
purification and preparation of materials. 

Acetone as Solvent 

Resin cooked 3 hours.—Immediately soluble to give a clear liquid. Shows 
faint Tyndall beam. 

Resin cooked 4 hours (Resin I).—Immediately soluble to give a clear liquid. 
Shows Tyndall beam. 

Resin II. (Resin I cured 42 hours).—Apparently insoluble. Liquid gives 
Tyndall beam. Solutions appear clear to ordinary observation. Insol¬ 
uble gummy residue. 

Resin III. (Resin I cured 275 hours).—Very faint Tyndall beam. Residue in 
powdered form. 

Cellulose acetate.—Gives clear solution that exhibits Tyndall beam. 

Methyl Alcohol as Solvent 

Resin cooked 3/4 hour.—Dissolves in a few hours. Solution is slightly cloudy. 
Cloudiness later disappears and a slight precipitation is visible on the 
walls of the tube. Very faint Tyndall beam. 

Resin cooked 21/2 hours.—Partly dispersed in solution to give cloudy sus¬ 
pension, which later settles out on walls of tube. Very faint Tyndall 
beam. Insoluble portion at bottom is transparent gummy mass. 

Resin cooked 3 hours.—Slight Tyndall beam. Solution appears clear to ordi¬ 
nary observation. Less sedimentation on walls than for previous resins. 

A transparent residue of insoluble resin remains. 

Resin I.—Gives clear solution which shows slight Tyndall effect. There is 
also transparent and insoluble residue left in the bottom of the tube. 
Resin II.—Gives clear solution which shows faint Tyndall effect. Transparent 
and gummy residue remains. 

Resin III.—Gives a clear liquid which shows no Tyndall effect. Residue 
appears as it did when dry. 

Cellulose Acetate.—Gives no evidence of solubility. 

The condition of the samples in the various tubes containing acetone and 
methyl alcohol after they had been kept in an oven at 105° was apparently un¬ 
changed after one week. 

These data show that acetone is a much better solvent for the resins than 
methyl alcohol. 

Discussion of Results 

The sorption of vapors by gels of the swelling or elastic type and the resul¬ 
tant volume change has been the subject of many investigations. The amount 
of vapor which may be taken up by them and the degree and manner in which 
they swell are undoubtedly related to their chemical and physical structures, 
yet data of the type presented above without other evidence probably can 
never give a completely satisfactory means to describe them. It is well known 
that different gels swell to varying degrees up to the extreme case where a kind 
of solution of the solid body is effected through resolution into the constituent 
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micells or other structural units. Where such a solution has been formed it 
seems clear that a sorption process is no longer involved, but in the inter¬ 
mediate cases it is not readily possible to say where one process has been com¬ 
pleted and the other has begun. But even in spite of such difficulties one can 
readily justify sorption studies on substances of the sort considered here in 
terms of the information which is made available by them. 

A number of theories have been proposed to describe the structure of resins 
as highly polymerized organic substances. For purposes of discussion we 
shall classify them as gels, since it is more or less tacitly agreed that they are 
heterogeneous in the sense that there is present both a continuous and a dia* 
perse phase, with the two phases forming a network. The structure of highly 
polymerized organic substances is usually interpreted on the assumption that 
the disperse phase is made up of simple molecular units which have aggregated 
to form micells. In some cases these micells are now known to be arranged 
according to a regular pattern while in others it is supposed that the arrange¬ 
ment is a random one. In the case of the glyptal resins the existence of build¬ 
ing units of the micellar type has not, as far as we are aware, been demon¬ 
strated. Also in some ways it does not seem logical to assume their existence, 
rather it is advantageous to consider the most important structural units to 
be giant molecules. It is of course true that these giant molecules may associ¬ 
ate with each other in a way which is similar to the dipole association of liq¬ 
uids like water and alcohol, forming units which might be compared to 
micells, but they will be the result of chance aggregations and will not result 
in any regular arrangements. 

One may even go so far as to predict that when molecular size and molecu¬ 
lar weight determinations with any particular sample of glyptal resin can be 
made the units will be found to be monodisperse, a result similar to that which 
has already been found by Svedberg and his associates for a number of the 
proteins. To start the resin formation i molecule of glycerol may be assumed 
to react with 3 dibasic acid molecules. This substance may then combine 
with 3 more glycerol molecules and the process might be considered to be an 
endless one, with the chains becoming more and more branched as new 
glycerol molecules take part in the reaction. But the results of recent mo¬ 
lecular structure studies teach that there is a certain freedom of rotation of 
groups about single valence bonds and that the angles made by the valence 
bonds attached to the carbon and oxygen atoms remain sensibly constant in 
compounds. Therefore it may be expected that the reaction will eventually 
be retarded due to inner esterifications leading to the formation of closed rings. 

The sorption of vapors by such a system will be a slow process because the 
molecules of the sorbate will have to penetrate between and around the giant 
molecules. This process should therefore depend to a large extent upon the 
size and polarity of the vapor molecules. The strong cohesive forces holding 
the larger units to form the solid material will have to be overcome so that 
there must be an actual attraction between sorbent and sorbate for the per¬ 
meation of the solid mass. Then the structure will be progressively opened 
up through the continuation of this process which results in the attachment of 



SORPTION OF ORGANIC VAPORS BY GLYPTAL RESINS 


77 


solvent molecules over the surface of the structural units. The complete 
solution of the resin may be accomplished in the case of certain liquids through 
the complete resolution of the solid into these constituent units. It seems 
likely that in such cases a considerable amount of liquid will be held by 
capillary forces in the regions between the giant molecules which have now 
been released from any elastic strain. The vapor molecules will be increasingly 
sorbed as their relative pressures become higher and higher. 

Form of Sorption Isotherms. The equilibrium sorption isotherms of swell¬ 
ing gels are typically “S” shaped. The sorption isotherms for cellulose acetate 

which we have determined show this _ 

behavior very nicely but our isotherms 
for the glyptal resins do not entirely 

conform. We are confident that the / 

reason for this condition is due to our / 

failure to realize the true equilibrium / 

at the very low relative vapor pressures, / 

rather than to any failure of the resin / 

to conform to the general behavior. ' / 

The form of our sorption isotherm is J 

shown by the full line of Fig. 4. 

There has also been indicated by broken ^ sy 

line the probable equilibrium position ** y\ 

of the isotherm. The structure of the ^ ' /£. | 

resin is so extremely fine that such gases / / p K 

as hydrogen and oxygen pass through V _ A? _ 

thin films only with the greatest Fia 4 

difficulty. The penetration by larger Schematic Diagram of Section Curve 

molecules such as methyl alcohol and —- Observed Curve 

acetone vapors will therefore be very Equilibrium Curve 

slow even in the evacuated sorption chamber and true equilibrium can be 
attained only after very long periods of time. 

For purposes of discussion the typical isotherm will be divided into three 
regions. In the first of these regions it may be said that the giant molecules 
are held together by strong cohesive forces which are eventually overcome by 
the highly polar sorbate molecules. An inspection of the experimental data, 
and a study of the rate at which the vapors are sorbed show that these co¬ 
hesive forces have increased in strength as the curing time of the resin is in¬ 
creased. At the same time the sorption tendency or adhesional affinity is 
correspondingly decreased. The sorption and desorption curves may not 
coincide, because the reaggregation process is not a reversible one, but it 
seems more probable that the true equilibrium conditions have not been at¬ 
tained. 

Once the sorbate molecules have penetrated the structure of the resin the 
equilibrium value for the amount adsorbed is attained much more readily. 
This is indicated by the change in the slope of the isotherm in passing from the 
first region to the second one. It seems probable that by the time the relative 
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vapor pressures corresponding to the second region have been reached a film 
of definite thickness has been formed between all giant molecules, and about 
the branches and rings of these units, in spite of the fact that the sorption and 
desorption curves are not ent irely reversible. The region in which the isotherm 
becomes parallel to the pressure axis corresponds to the completion of the 
process which began in region I. 

As the external vapor pressure is increased to values corresponding to the 
beginning of the last region it seems logical to assume that the giant molecules 
become separated to such an extent that the voids become mter-connecting 
to form capillaries. The liquid will be condensed in these capillaries and held 
there at a reduced vapor pressure because of the curvature at the surface. 
As the sorption continues these capillary spaces fill up and at the same time 
extend in dimension. The resin takes up considerable quantities of either 
acetone or methyl alcohol until the saturation value at a given relative pres¬ 
sure is reached, this process being a reversible one practically throughout this 
third region. It does depend somewhat upon the treatment to which the resin 
has been subjected in its preparation. This indicates that the gel returns to 
the same packed condition as the vapors are removed from the capillaries 
which have been formed in the swelling process. 

Thirmodynmmcs of the Process. The results of the experiments are thus 
explained by assuming a model in which giant molecules are the structural 
units and m which the process of adsorption (Regions I and II) is followed by 
one of condensation (Region III). A consideration of the thermodynamics of 
the process provides ample justification for the division into adsorption regions 
and a condensation region. If, as has been done in the introduction, it is 
possible to compare the sorption of vapors with the process of wetting, it can 
be shown that when one mol of the liquid sorbate, of molecular weight M y 
is transferred isothermally to the adsorbent which has already adsorbed x/M 
inols per g, the free energy change in the process is given by the expression 

— AF = RT In p 8 /px 

where — A F is the free energy change when the amount x is adsorbed, p x 
is the equilibrium pressure above the sorbent when the amount x is adsorbed, 
p 9 is the saturation pressure, R is the gas constant, and T is the absolute 
temperature. Using the data of an equilibrium isotherm and this expression 
there can be calculated the change in free energy as the amount adsorbed, 
x, is increased. As would be expected the values are highest at the beginning 
of the process, but as the relative saturation pressures increase the values be¬ 
come smaller and smaller. 

Values for the decrease in free energy of the 50° and 35 0 sorption of acetone 
vapors on the resin sample which had been cured 275 hours are given in Table 
IV. In the first and second columns there are tabulated observed and equilib¬ 
rium values of x/m for corresponding values of the relative saturation pres¬ 
sures, p*/p,. These data are chosen as typical. 
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Table IV 


Free Energy of Sorption Process 


50° Isotherm 
x/m Ads. 

Acetone Vapor 
x/m Equil. Px/Ps 

Resin III 
— AF Cal. 

0 000 

0 025 

. I 

1478. 

002 

034 

2 

1033. 

029 

054 

3 

774 - 

067 

085 

4 

585. 

US 

I2S 

5 

446 

168 

168 

6 

328. 

227 

225 

7 

230 

309 

308 

8 

146 

448 

448 

9 

67. 

35 0 Isotherm 

Acetone Vapor 


Resin III 

0 000 

0 047 

1 

1409 

000 

051 

2 

984 

005 

064 

3 

737 

032 

085 

4 

561 

092 

120 

5 

424. 

165 

165 

6 

312 

217 

216 

7 

219. 

320 

327 

8 

136 


The change in heat content for the process, — AH, may be obtained from 
the free energy change and its temperature coefficient, using the Gibbs- 
Helmholtz equation. 


AH = AF - 


T 



P 


= RT 2 


d In p x 
d T 


- RT 2 


d In p s 


The first term on the right side of this equation will be recognized as the 
differential heat of adsorption, while the second term, which is quite indepen¬ 
dent of the amount adsorbed, is the molal heat of vaporization of the liquid 
being adsorbed. This equation may be written in integrated form for use as 
follows: 

- AH = (log - log £-*) 

Having determined the equilibrium positions of two isotherms (35 0 and 50°) 
it is possible to calculate the differential heats of adsorption for the several 
systems studied as the amount of vapor adsorbed is increased. It is found in 
every case that this quantity decreases to a value which becomes constant as 
the amount of vapor adsorbed reaches the value which marks the beginning 
of the third and last sorption region. Further, this value is constant for the 
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glyptal resins which have been given different treatments in preparation as 
long as a single kind of sorbate molecule is involved, and is, within the limits 
of experimental error, equal to the molal heat of vaporization of that sub¬ 
stance. In other words the adsorption has been completed when the third 
region of the process is reached and it is followed by a condensation in the 
capillaries which have been formed by the uncoupling of the residual valence 
forces which held the structural units together. Typical results of calculations 
for the differential heats of sorption are given in Table V. 


Table V 

Differential Heats of Sorption 


Resin III 

Equilibrium Pressures 

x/m 

Acetone Vapor 

Heat of Soiption 
per Gram Mol of 
Acetone 

35 ° 

50° 


41 6 m.m. 

159 3 m.m. 

0 045 

305 cal. 

62 3 

173 3 

050 

232 

102 5 

200 9 

062 

153 

123 3 

225 4 

075 

137 

IS 3 8 

269 5 

100 

127 

176 7 

306 3 

125 

125 

213 4 

374 9 

175 

128 

240 4 

428 8 

225 

131 

262 6 

469 3 

275 

132 

276 1 

499 9 

325 

135 

291 0 

524 4 

375 

134 

302 8 

544 © 

425 

133 

Resin III 


Methyl Alcohol Vapor 

109 0 

202 0 

075 

254 * 

127 0 

245 0 

100 

270 

141 0 

279 5 

125 

280 

153 0 

304 0 

150 

282 

171 0 

343 0 

200 

286 

184 0 

370 0 

250 

2S7 

192 3 

38S 5 

287 

286 


* The values at the lower relative saturation pressures are in error due to greater difficulty 
in properly locating the equilibrium isotherms for methyl alcohol for which fewer data are 
available. 

The molal latent heats of vaporization for the two liquids have been cal¬ 
culated from the vapor pressure data. At corresponding temperatures the 
values are approximately 130 calories and 285 calories, respectively.* 

Estimation of Pore Size. One of the primary objects of this research was 
to make information available concerning the porosity of these resins. Sorp- 

* Sheppard and Newsome (J. Phys. Chem., 36 , 030 (1932)) have recently treated data 
for the sorption of water vapor by cellulose acetate films in a similar manner. 
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tion studies seem always to receive consideration for such a task, the reason 
being that in certain quarters it is believed that all material sorbed by a 
porous body is liquid condensed in its capillaries. Although we do not care to 
defend this viewpoint, we do feel that the application of the Kelvin relation 
between capillarity and vapor pressure to our data will permit an estimation 
of the size of the intermolecular capillaries, especially in the regions of the 
higher relative pressures. The results of our calculations are intended to 
indicate an order of magnitude rather than an exact value. From the dis¬ 
cussion given above we should have to conclude that the capillary process 
ceases to be operative for the smaller vapor pressures, so that the smaller 
values are probably considerably in error. 

The Kelvin equation is 

RT In — = — ^ 
p* r d 

_ 2<tM 
0r r “ dRT In p./p x ’ 

where p B is the vapor pressure above a plane surface, /x is the vapor pressure 
above the meniscus, a is the surface tension of the liquid being condensed, 
M is its molecular weight, d is its density and r is the radius of the capillaries, 
which are considered to be cylindrical. 

Using the data for the 3 5 0 isotherms for acetone being sorbed by the severaf 
samples of glyptal resin, the following results are obtained. It isiissumed that 
the process of capillary condensation begins where p x /p M 0.1. The data for 
the tables are taken from the extrapolated equilibrium curves. 

Table VI 

Values for Radius of Capillaries (Acetone) 


Px/p» 

r X io 8 cm. 

Special 

Resin* 

x/m 

Resin I 
x/m 

Resin III 
x/m 

. I 

5 - 

— 

— 

.025 

•44 

14. 

— 

— 

. 100 

56 

20. 

.158 

•154 

.150 

.72 

35 - 

312 

. 280 

•2 37 

.80 

5 °- 

•450 

•375 ‘ 

•307 

.84 

66. 

— 

•437 

•353 


* This resin differs from Resin I in (hat the 200° reaction between glycerol and phthalic 
acid was stopped at the end of a 3-hour, instead of 4-hour period * 

In the following table a corresponding set of data and calculated quantities 
are tabulated for a series of resins, the sorbate being methyl alcohol. 
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Table VII 


Values for Radius of Capillaries (Methyl Alcohol) 


P*/Pi 

r X io H cm. 

Resin I 
x/m 

Resin II 
x/m 

Resin III 
x/m 

. I 

3 - 

— 

— 

.017 

•44 

8 

— 

•075 

„ .062 

.56 

11 

.112 

. 100 

i". 

00 

q 


19 

.176 

. 162 

' *135 

.80 

27 

•237 

.220 

.170 

.88 

36 . 

•370 

.322 

.214 


These values are typical of the results obtained either with acetone or with 
methyl alcohol. The use of the Kelvin equation can be justified if each mole¬ 
cule of the condensed liquid is surrounded by like molecules, without the 
sphere of influence of the molecules forming the capillary walls. It is evident, 
then, that values as small as 3 X io“ 8 cm for the effective radii can be of 
little significance because the molecules of the sorbed material would then 
have to be in contact with the solid sorbent. The values corresponding to 
higher x/m values are of what seems to be a proper order of magnitude. 

Inspection of these tables seems to indicate that the structural units of the 
resin become larger as the curing process is continued. For a given relative 
saturation pressure, and therefore for a given capillary radius, the amount of 
vapor which is condensed decreases as the length of the curing process is in¬ 
creased. To explain this it seems necessary to assume that the number of 
these capillaries is greater for the less mature resins, which would indicate the 
presence of a larger number of smaller molecules. A study of the mechanical 
properties of the resin suggests that the increase in the size of the giant mole¬ 
cules is probably a lengthening of the irregular chains. This point will be dis¬ 
cussed further in the next section where the effect of the curing process over 
the whole range of the sorption is considered. 

Effect of Curing Process . The formation of a glyptal resin may be thought 
of as occurring in several stages of which we shall mention but two. The first 
is the rather high temperature reaction between glycerol and phthalic acid 
in which water is eliminated. If the reaction has been stopped at the proper 
time a hard, brittle substance is formed on cooling. A second stage of the 
reaction is the curing process in which this hard brittle substance is heated to 
approximately 105° over extended periods of time. Although practically no 
more water is now eliminated the resin undergoes a very pronounced change, 
because after from 10 to 14 days at this temperature it has become extremely 
tough and more resistant to solvents. In this condition it will withstand 
sudden shocks and may be machined quite readily. It seemed of interest to 
compare the relative abilities of the cured and uncured resins to take up and 
give off organic vapors to see if any differences in behavior might be inter¬ 
pretable in terms of the respective structures. 

The relative positions of the several sorption isotherms indicates that as 
the curing process is continued the structure becomes more firmly knit together. 
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The uncured resin takes up the vapors more readily than either of the cured 
resins. Its isotherm rises quite sharply at the beginning of the sorption while 
the amounts of vapor taken up by the cured resins are exceedingly small over 
the same pressure range. The filming process or saturation of the structural 
units is completed at relatively lower vapor pressures in the case of the more 
immature resins. Since in these portions of the isotherms the natural co¬ 
hesive forces holding the resin together must be overcome by the mutual 
attraction between sorbent and sorbate it is evident that it is becoming more 
and more difficult for the sorbate molecules to penetrate. The rather large 
differences in the sorption isotherms for the various resins in the lower parts 
of the curve show that the physical and chemical structure is profoundly 
changed by the curing process. 

In the second region of the sorption curves, the amount adsorbed at the 
*‘saturation value” varies with the particular resin sample. The exact 
significance of this variation is difficult to determine, because it occurs in a 
region which is intermediate between two others where the processes of sorp¬ 
tion are distinctly different. The former region is characterized by a process 
probably more chemical in nature, while the latter region is characterized by 
a process undoubtedly more physical in nature. The definite appearance of 
an intermediate region in the sorption isotherms must depend upon the fact 
that this region represents the first real approach to equilibrium in the sorp¬ 
tion process. After the process taking place in this region is completed, the 
resin molecules are considered to be separated by a film of sorbate molecules, 
so that any available spaces between the closely packed giant molecules now 
have become interconnecting. 

At this point there is a sharp rise in the sorption curve, the beginning of 
our third region. The point of inflection in the curve is quite pronounced. 
For the less mature resins this point of inflection is reached at lower vapor 
pressures. This may be interpreted to mean that the process of capillary con¬ 
densation begins at lower vapor pressures for these less mature resins, be¬ 
cause a greater number of smaller interconnecting capillaries have been 
formed, making it possible for larger amounts of the condensed vapors to be 
held at the lower relative pressures. We may conclude that the less mature 
resins have smaller structural units, for such a structural system would furnish 
a larger volume of small capillary spaces. A greater number of the smaller 
capillaries also accounts for the greater steepness of the sorption isotherms for 
the less mature resins. 

This conclusion appears to be justified by a consideration of the solubilities 
of the different resins as prepared by us. The uncured and less mature resins 
are more soluble in any solvent. Since swelling may be considered essential 
to the gel dissolution process, we may reasonably expect that the capillary 
condensation as it proceeds is a process that separates and disperses the resin 
molecules. The degree of dissolution appears to be related to the steepness 
of the isotherms in the final stages of the sorption process. 

A comparison of the isotherms for a series of resins at 35 0 and 50° for 
either vapor, and a consideration of the previous table of pore sizes lead us to 
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conclude that the smaller capillary spaces of the less mature resins are capable 
of holding a larger quantity of liquid than are the sum total of small and large 
capillary active spaces of the more mature resins. For the latter resins it is 
possible to obtain much more accurate values for x/m as we approach the 
saturation value. Thus the matured resins have a greater tendency to retain 
some of their original structure that holds the mass firmly together, and com¬ 
plete dissolution by a capillary condensation process is impossible. 

Reversibility of the Sorption Process. As sorbed liquid is withdrawn from 
an elastic gel, the gel molecules again approach each other to give a more 
closely packed structure. This behavior distinguishes swelling gels from non¬ 
swelling gels. If the vapor pressure of the sorbed liquid is decreased to a 
negligibly small value, all sorbed vapors are eventually removable, and the 
gel returns to its original structure and volume. This behavior of swelling 
gels has been typical of the gel systems previously studied, and is also un¬ 
doubtedly typical of the gel system investigated in this research. On the 
whole the swelling gels could be classified as dried out gels, for they were 
originally deposited from a solution of some kind. It is quite natural to assume 
that such gels after swelling in a given liquid would return to their original 
structure and volume. In this research a gel of vitreous nature has been 
studied in its behavior as a swelling gel, with acetone and methyl alcohol 
vapors as sorbates. A complete desorption of vapors has not been effected 
in any case because of the time which would be required, but an inspection of 
the series of sorption and desorption isotherms and of the assumed equilibrium 
curves for more mature resins reveals that a considerable portion of the curve 
is reversible. Actually, and for practical purposes it may be said that the last 
traces of vapor, taken up in the region of low relative saturation pressures, are 
held so tenaciously that we could not, in any such experiment as performed 
here, expect to attain complete desorption. The blushing of varnishes has 
been attributed to such a retention of certain solvents which take on moisture 
from the atmosphere when the humidity is exceptionally high. 

Rate of Sorption and Desorption. In studies of the sorption of water by 
wood Pidgeon and Maass 4 found that their final equilibrium was generally 
reached from the dry state in under half an hour in the case of moderate vapor 
pressures, while the corresponding desorption process required several hours 
Polanyi and Welke 6 found that penods even up to 2 and 3 days were necessary 
for the attainment of equilibrium for the adsorption of gases on charcoals 
In the case of the glyptal resins it was found that relatively long periods of 
time (at least 24 hours) were required for the sorption process and that even 
much greater periods were required for the desorption. Equilibrium was al¬ 
ways most difficult of attainment in the region of low vapor pressures. There 
are given below two graphs (Figs. 5 and 6) which have been prepared to in¬ 
dicate the rapidity with which the sorption and desorption processes come to 
equilibrium. 

4 J. Am. Chem. Soc., 52 ,1053 (1930). 

1 Z. physik. Chem., 132 , 371 (1928). 
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Sorption—Time Curve 

Acetone—50° Sorption on Cellulose Acetate 

Change in p x /p 8 0.109 to 0.230 

It is believed that our data are sufficient to justify our method for deter¬ 
mining the position of what we call the true sorption isotherms. The only real 
difficulty in coming to an equilibrium was found in the region of low relative 
pressures. In the condensation region the sorption and desorption curves 
were reasonably reversible. The positions of equilibrium could also be deter¬ 
mined with some accuracy in the region of the transition from adsorption to 
condensation. The more mature resins always gave better reproducibility, 
probably due to a greater rigidity of structure and larger size of capillary. 

Thus, any hysteresis which our data and curves indicate is to be found in 
the region of low relative saturation pressures, and is probably to be explained 
on the basis of a closely knit structure that is only slowly permeated by gases 
and vapors. It has been noted that the most mature resins with their greater 
rigidity of structure show the least hysteresis. In the hysteresis region it 



--Resin I 

-Resin III 

Change in p*/p* 0.613 to 0.011 


86 


CLARENCE H. WINNING AND JOHN WARREN WILLIAMS 


seems likely that associated structural units have become separated with the 
breaking of secondary valence bonds, and molecules of either acetone or methyl 
alcohol have been taken up due to this condition of unsaturation. Such a 
coupling would probably result in a permanent adsorption of the polar sorbate 
molecules and may be objected to on that account. Nevertheless we were 
never able to remove a considerable amount of the sorbed vapors from the 
resin samples in a closed desorption system in which the vapor pressure was 
never greater than 2 mm of mercury for a ten day period. Experiments 
were made with a cellulose acetate sample and a considerable hysteresis was 
was observed. However, there was never any difficulty in removing the methyl 
alcohol and acetone vapors at very low pressures. 

It is also of interest to note that the resins took up the initial vapors of 
methyl alcohol more rapidly than those of acetone, although the materials are 
actually more soluble in the latter substance. This suggests that the smaller 
molecule was better able to penetrate the structure of the resin. However, 
our data must be considered insufficient to establish this as a general con¬ 
clusion, since only two kinds of vapor were considered. 

Molecular or Particle Wciqht. The experimental work of this article has 
made it possible to make several statements with regard to the structure of the 
glyptal type of resin. Of necessity these statements have been largely qualita¬ 
tive in nature. Perhaps the most important question to be answered is 
whether the fundamental structural units are giant molecules (sometimes 
called macromolecules) or micells. We have expressed our opinion in favor 
of the macromolecular structure because of the changes in the position and 
shape of the sorption isotherms for the several resins. The further conclusion 
has been drawn that the size of these giant molecules, particularly as regards 
their length and complexity, is increased as the time of the curing process is 
extended. 

However, this research may be considered to be only the beginning of a 
number of studies which may be expected to lead to the construction of a 
model which will represent the physical and chemical behavior of the resin. 
The most immediate and important single task seems to be the determination 
of the molecular weight, because the properties of the material will certainly 
depend upon it. There are several methods available to us which should make 
this possible, the most promising of which are viscosity and dielectric constant 
studies of the resins in dilute solution. The theory by which the viscosities 
of the dilute solutions may be related to the molecular weights has recently 
been reviewed by Staudinger, 6 so that it will not be given here. The method 
which involves dielectric constant determinations is an application of the 
dipole theory of Debye. It depends upon the fact that owing to the frictional 
resistance of the medium to the rotation of suspended molecules or particles 
a finite time is required for their orientation in an alternating electrical field. 
If the frequency dependence of the dielectric constant is determined for such 
a system of electrically dissymetrical particles dissolved in a liquid medium 
t here will be found to be a region in which the dielectric constant decreases as its 


• Z. physik. Chem., 153 ,391 (1931). 
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frequency is increased. The theory, which has been discussed by Marinesco 7 
and also later by Williams and Oncley, s expressed the size and therefore 
the weight of the dissolved macromolecule in terms of the observed critical 
frequency and the true inner friction constant of the medium. Both types of 
molecular weight study are now in progress in this laboratory. 

Summary 

1. An apparatus for the study of the sorption of vapors in a gas free 
atmosphere has been described. It makes use of a quartz balance of the 
McBain-Bakr type. 

2. The sorption and desorption of acetone and methyl alcohol vapors by 
glyptal resins maintained at 35 0 and 50° have been systematically investigated. 

3. It has been possible to draw a number of conclusions and make several 
calculations from these data, as follows: 

a. Equilibrium isotherms characterize the resin as a typical swelling gel. 

b The model chosen to represent the glyptal resin, based upon the 
assumption of giant molecules as the fundamental structural units, is believed 
to be consistent with the experimental results. 

c. The first part of the sorption curve is probably due to a surface adsorp¬ 
tion, while the last part is due to the purely physical process of the condensa¬ 
tion of the vapors in capillary spaces. The transition from one process to 
the other is indicated by an intermediate region. 

d. For the cured glyptal resins there are indicated a more firmly knit 
structure and a larger molecular or particle size. These changes become more 
and more pronounced as the time of an arbitrary curing process is increased. 

e. The free energy change as the sorption process at 35 0 and 50° con- 
t inues has been calculated. 

f. From the free energy changes and their temperature coefficients the 
differential heats of the sorption process have been calculated. These data 
indicate that the last sorption process is one of simple condensation of the 
vapors in the capillary spaces. 

g. Calculations have been made for the size of the interconnecting 
capillaries in the partially swollen gel. These capillaries have been formed by 
the filming of the structural units in the first stages of the sorption process. 

h. The tendency for a resin to become completely dispersed in a solvent 
is shown to decrease as the time of the curing process is increased. 

i. The ability of the resins to retain considerable amounts of adsorbed 
vapor is commented upon. 

j. It seems probable that except for the very low pressure regions any 
hysteresis observed is apparent rather than real. This is indicated not only 
by the experimental data but also by thermodynamical considerations. 

4. Corresponding data were obtained for a sample of cellulose acetate 
and its behavior was compared with that of the several glyptal resins. 

University of Wisconsin , 

Madison , Wisconsin. 

7 J. Chim. phys., 28 , 51 (1931); Kolloid-Z., 58 , 285 (1932). 

8 J. Rheology, 3 , 271 (1931). 
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Colloidal solutions are usually assumed to be unaffected by filtering. But 
in some cases it has been found that filtering produces important changes—it 
is the purpose of this paper to outline and explain these changes. 

In the course of some recent experiments the following curious effects were 
observed with Arsenious Sulphide Sol. 

(i) The conductivity decreases, sometimes as much as 50%, when it is 
passed through a filter paper. One would expect that, if the conductivity 
changed at all, it would increase, due to the addition of electrolytic impurities 
from the filter paper. 

(a ) When the colloid is repeatedly passed through the same piece of 
filter paper its conductivity decreases to a constant value—Graph I. 

(3) Repeated filterings of the colloid, each time through a fresh piece of 
filter paper, cause the conductivity to decrease to a minimum and then in¬ 
crease. These results are shown in Graph II. 

(4) The conductivity of a sol which has been filtered, one or many times, 
increases when it is allowed to stand for some time after filtering—Table I. 


Table I 


No. of times 

Conductivity X io* 

filtered 

11 A.M. 

4PM 

0 

167 

167 

1 

77 5 

92 0 

2 

49 5 

58 0 

3 

47 7 

55 8 

4 

55 5 

57 -7 


(5) Sols which have been filtered many times coagulate on standing; in 
fact, if filtering is continued long enough, the sols will filter only very slowly 
and finally coagulate as they filter. 

(6) That the effect is dependent on the amount of sol filtered is shown in 
Graphs III and IV. In Graph III various amounts of sol are filtered, each 
through a separate piece of filter paper; in Graph IV 25 cc samples are suc¬ 
cessively filtered through the same piece of paper, the filtrates being kept 
separate. 

(7) The effects are larger when low grade filter paper is used than when 
especially prepared ashless paper is used, further the effects are reduced by 
successive washings of poor filter paper with distilled water. The results 
listed above were obtained using Whatman’s No. 1 paper washed with 
distilled water. 
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In an attempt to isolate the material causing the initial decrease in con¬ 
ductivity, series of readings were taken using various components of the sol. 
Each series consisted of conductivity measurements after successive filterings, 
using a fresh piece of filter paper for each filtering. The results for distilled 
water, Arsenious Oxide, and Hydrogen Sulphide are shown, from right 
to left, in Graph V. None of these curves shows the initial decrease 
which characterizes Graph II. It was therefore thought that the effects might 
be in some way connected with the colloidal state, so measurements were taken 


of the conductivity before and 
after once filtering various sols. 
Results are shown in Table II. It 
will be noticed that a decrease 
occurred only in the two cases where 
we have both free hydrogen ions 
and rather high conductivity. Since 



Graph I 
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Graph II 


Table II 


Name of sol 
Copper 
Gold (Zsig.) 

Gum Mastic 
Prussian Blue 
Ferric Hydroxide 
Green Gold (Catechol) 


_ Conductivity X io 6 _ 

Before Filtering After Filtering 

24.6 60.2 

1400 1400 

18.3 41.s 

58.2 88.2 

3540 3330 

864 725 


filter paper has a negative charge it might be expected to adsorb hydro¬ 
gen ions—which would decrease the conductivity. Measurements of pH were 
therefore made using a quinhydrone electrode with a calomel half cell and 
potentiometer. The pH was found to increase linearly with the number of 
times filtered, whatever the material used, and irrespective of whether the 
conductivity was increasing or decreasing—see Graph VI. 

This suggests that the observed results on filtering may be explained as due 
to the combination of two effects, (a) an increase in conductivity of the sol 
due to the addition of electrolytic impurities dissolved from the filter paper, 
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Graph III 



Graph IV 


(b) a decrease in conductivity of the sol due to the adsorption of hydrogen 
ions by the filter paper. Effect (a) will be large when the initial conductivity 
is small, i.e., when the total number of ions already present is small. Thus 
when the number of free hydrogen ions is large and the conductivity is large, 
effect (b) will be large and effect (a) small, so that the resultant effect will be a 
decrease m conductivity; whereas, when the number of free hydrogen ions is 
small and the conductivity small effect (b) will be small and effect (a) large, so 
that the resultant effect will be an increase in conductivity. 

If the above reasoning is correct, a dilute solution of hydrochloric acid 
might be expected to show a decrease in conductivity on filtering, and a 
sodium chloride solution of the same strength an increase in conductivity. 
Experiment verifies these predictions. The curve for conductivity of hy¬ 
drochloric acid with successive filterings is shown in Graph VI. 

If the amount of electrolytic material in the filter paper is small, these 
hypotheses explain why the effect is dependent on the amount of sol filtered, 
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Graph VI 
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and why a constant value of the conductivity is obtained by filtering repeatedly 
through the same piece of paper. Further, it is consistent with the above that 
the effects are larger with low grade paper than with especially prepared ash- 
less paper; though to explain the larger decrease in conductivity with the 
poorer paper we must assume that the impurities are responsible for part of 
the adsorption of ions. 

The behaviour of hydrogen sulphide solution may also be accounted for 
on this theory. It is very weakly dissociated and hence has few free hydrogen 
ions, while its conductivity was quite low (about 1/5 that of arsenious sulphide 
sol) for it was prepared from distilled water. 

An arsenious sulphide sol is stabilized by hydrogen sulphide adsorbed 
around the particles. Thus when few hydrogen ions are removed from the 
intermicellar fluid equilibrium is destroyed and part of the hydrogen sulphide 
from the double layer released as free ions. This explains the increase in 
conductivity and pH on standing, also the decrease in stability of the colloid 
with successive filterings. 

Let ns consider a sample of arsenious sulphide sol. Before filtering its pH 
was 4.05 and its resistance 3800 ohms at 25 °C, in a cell whose constant is 0.33. 
After filtering once its pH became 5.35 and its resistance 6 qoo ohms at 25°(\ 

Before filtering, no. of hydrogen ions per cc = 6.2 X io 18 X io -8 X .89 
X io” 4 = 5.5 X io 16 . After filtering no. of H + ions per cc = 6.2 X 10 23 
X io~ 8 X .45 X io”° = 2.8 X io 16 . No. of H + 10ns lost = 5.2 X io 10 . The 
effective current produced by these is (5.2 X io 16 ) (1.59 X io' 19 )(.00349) 
= 2.9 X io” 6 amps. The original conductivity of the sol = .33/3800 
= 8.7 X io -6 reciprocal ohms per cm 8 . After filtering once conductivity of 
the sol is .33/6900 = j 8 X io~ 5 cm 8 . Therefore loss in conductivity is 
3.9 X io~ 5 . Loss caused by the removal of hydrogen ions is 2.9 X io~\ 
So that the filter paper must adsorb some ions other than the hydrogen, as one 
would expect. 

The linear relation between pH and number of times filtered means that 
the number of hydrogen ions adsorbed, y , is proportional to the number of 
hydrogen ions present, C i.e. y = aC where a is a constant. The average of 
several sets of readings gives a = 0.9 which means that practically all the free 
hydrogen ions are adsorbed in the first few filterings. 

From the resistance changes after many filterings we can calulate the equa¬ 
tion representing the addition of electrolyte from the filter paper to the sol. 
It is found that the change of resistance on filtering, y , is proportional to the 
square of the resistance before filtering, R i.e., y = b R 2 . Since this equation 
holds for all but the first few filterings, the adsorption of ions other than hy¬ 
drogen must take place during the same time as the addition of hydrogen ions. 

Thus changes in conductivity, pH, and stability may be expected to ac¬ 
company the filtering of suspensoid sols. 

In conclusion, the author wishes to express her sincere appreciation to 
Prof. E. F. Burton of the Department of Physics at the University of Toronto, 
for his helpful suggestions and advice throughout the investigation. 

University of Toronto , 

Toronto , Canada. 
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AND REFINED SUGARS 


BY C. F. BARDORF AND J. A. B. BALL 

Introduction 

The object of this paper is to bring under review a few of the practical 
aspects of colloidal phenomena in the sugar industry and more specifically 
those due to Cane Wax. 

The complex nature of the juices from the sugar cane and the sugar beet 
soon obtruded itself upon the attention of the pioneers of the industry, and 
there is no doubt that the now universally practiced diffusion of beet chips 
(cossettes) was largely influenced by Graham’s classic studies. In the case of 
beet root tissues the application was obvious. Each tiny cell in the root can be 
regarded as a dialysing sack, and as such can hold back a large proportion of 
the colloids and allow the crystalloids to pass into the diffusion water. 

In connection with cane juice, however, diffusion processes appear to offer 
insuperable difficulties. Grinding and milling of the cane is therefore the al¬ 
most exclusive practice by which a high yield of sugar can be obtained from 
the cane. 

But by this method a large percentage of the colloidal substances are forced 
into the juice and can be only partially removed by processes more or less 
based on a common principle. 

Non-Sucrose Substances in Cane Juice 

As the major part of the work on sugar juice colloids has been directed to 
those in sugar cane juice, it may be well to give these exclusive attention. But 
it may be mentioned, in passing, that some thirty years ago the senior author 
incidentally isolated a quantity of beet sugar wax, which, unfortunately, re¬ 
ceived only casual attention at the time. This wax, though chemically differ¬ 
ent from cane wax, had similar physical properties. It contained much nitro¬ 
gen; on dry distillation it yielded an oil of pyridine-like odor and from an alco¬ 
hol extraction a wax was obtained quite similar to the alcohol soluble portion 
from cane wax. 

The juice expressed from the cane by the ponderous rollers of modem cane 
mills is a muddy, olive green or brownish liquid, laden with solid particles 
ranging in size from macroscropic masses to the ultramicroscopically divided 
emulsoids—the cane wax complex which has of recent years employed the 
attention of industralists and chemists. 

In the “mixed” juice, i.e., the united juices from all the sugar mills in 
tandem, many substances may be found which contribute to the colloidal 
phenomena in sugar solutions. Some of these substances can be removed 
easily, while others pass through, in an exceedingly small amount, into the 
best products of the refiner’s art. 
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Listing the suspensoid particles roughly in the decreasing order of their 
size, we have bagacillia (small pieces of cane tissue) fine sand, clay, insoluble 
organic salts of calcium, and then the true dispersoids, such as colloidal silica, 
and other non-dialysable substances; proteids and pentosans, pectin, etc., and 
lastly gums and waxes which assume suspensoid and emulsoid forms when the 
juices are heated or when the defecated juice is concentrated. Concentrated, 
defecated juice, generally known as “syrup” is the “meladura” of Latin 
America. 

Because of the persistant migration of the cane wax complex through all 
the processes of sugar making , 1 it may be inferred that it is present in a very 
minute state of dispersion. Cane wax is undoubtedly the most troublesome of 
all impurities which has to be dealt with by the defecation methods applicable 
on an industrial scale, because it adheres so tenaciously to all solids it may 
contact. 

Colloids in Mixed Cane Sugar Juice 

Confining ourselves for the moment to the consideration of mixed cane 
sugar juice we have an impure, thin (15% solids) sugar solution copiously 
laden with suspended particles. Under defecation methods, common in 
principle but varied in detail to accord with the nature of the juice, milling 
practice, etc., the coarser, mechanically introduced particles are, to a large 
extent, easily separated. Next in order may be considered those substances 
which are acted upon by heat and chemical reagents. Sulphur dioxide gas 
being employed for specific purposes only, milk of lime may be said to be the 
exclusive agent used in practice, and is made to react with the impurities of 
the juice at a temperature of ioo°C or over. 

From the so-treated juice, vegetable proteids are coagulated and some 
organic and inorganic salts precipitated. The flocculent precipitates thus 
formed trap most of the larger suspensoids and some of the cane wax in the 
form of emulsoids. These then pass out of the system in the defecation mud. 
But even with the most carefully controlled pH regulation and the exercise of 
other precautions, some colloids remain in the defecated juice and require 
subsequent attention. These highly dispersed substances adhere to and are 
occluded by the sugar crystals during the process of boiling to grain, be it 
from raw or refined liquors. When, therefore, raw sugar crystals are dis¬ 
solved in the refinery the emulsoid colloids in particular, pass through all the 
stations of the refinery, and some are easily detectable in all granulated sugar. 
If these raw and refined sugars be specially treated, a variety of unremoved 
substances can be separated. But one of the difficulties is the question of 
what procedure shall be followed in the endeavour to separate all suspensoids 
in order that some reliable quantitative as well as qualitative data may be 
recorded. Quantitatively it is primarily desirable to determine the total 
amount of colloids, of all forms, residual in the finished products. The great 
difficulty in this direction is to free the separated colloids from the last traces 
of sugar without washing away some of the colloids themselves, which, 

1 Bardorf: Ind. Eng. Chem., 20, 258 (1928). 
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despite their troublesome nature, are present only in very minute quantities. 
Qualitative examination has its difficulties because of the complex nature of 
the colloids, and their tendency to physical change when subjected to ultra¬ 
filtration or dialysis. Coagulation takes place so that one colloid traps and 
occludes another and a pure chemical product is not obtained. 

Four Classes of Colloids in Raw and Refined Sugars 

4 

From the now large number of investigations on the non-dialysable matter 
in sugar solutions, syrups and molasses, a fourfold, broad classification has 
been made by the authors, a classification chiefly based on the physical proper¬ 
ties of the complex, viz., (i) Acetone soluble, soft wax; M.P. 52°C; (2) Alcohol 
soluble brittle wax, M.P. 82°C; (3) Water soluble, not fusible; (4) Insoluble, 
not fusible, contains nitrogen compounds. 

This classification of raw sugar colloids is prompted by the data estab¬ 
lished by the authors from the dialysis of three typical raw sugars. It was 
found that the three types, although containing approximately the same per¬ 
centage of sugar (q6%) varied greatly in respect to quality and quantity of 
non-dialysible matter. Uniform solutions of the three sugars were prepared 
for dialysis through collodion sacks 2 and the colloidal matter collected, dried 
and weighed. The percentage of non-dialysable material so found ranged 
from 0.15% to 0.38^, but the diversity in its composition was more marked 
than the relative quantity present. This remarkable diversity was brought 
sharply to notice upon submitting the complex mass to fractional extraction, 
using acetone, alcohol and water as the solvents, in the order named. 

In the case of the three sugars under examination we obtained the follow¬ 
ing results: 

Table I 

Non-dialysable Material from Raw Sugars 
Source of sugar <p Non-dialysable material 

*B. W. I. 

Cuban 

San Domingo I 
tSan Domingo II 

* B.W.I.—British West Indies. 

t A poor grade of sugar. 

The distinctive character of the extracts, as classified in preceding para¬ 
graphs, is apparent in this, that if the acetone and alcohol extracts only be 
taken as denoting the true wax-like material, the B. W. I. sugar contains 
0 057%, the San Domingo I, 0.185%, and the Cuban 0.153%, since the frac¬ 
tional extraction of the undialysable portions obtained showed them to con¬ 
sist of the following fractions: 


0.24 

0.25 

0.15 

o 38 


5 Cf. Holmes: “Laboratory Manual of Colloid Chemistry,” 23 (1928). 
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Table II 


Fractional Extracts from Non-dialysable Material 


Solvent 

San. Dom. I. 

B.W.I. 

Cuban 

Acetone 

i 4 95 % 

13-14% 

27.20% 

Alcohol 

33 - 68 % 

10.80% 

34 - 29 % 

Water 

26.73% 

58 • 50% 

/not 

Insoluble 

24.64% 

17 - 55 % 

(determined. 


A further divergence in the composition of the acetone, alcohol and water 
soluble portions of the colloids is shown in the ash contents of the extracts, 
as illustrated in Table III. 

Table III 

Ash Content of Wax Complex 


Extract 

San Domingo 
( /o Ash 

B.W.I. 
% Ash 

Acetone 

0 63 

1 55 

Alcohol 

3-64 

19.07 

Water 

29-87 

18.00 


Adsorption of Wax Complex 

(by Comminuted Materials) 

After a series of investigations the authors have come to the conclusion 
that of the many constituents of non-dialysable substances present in raw 
sugars, there are two, at least, which resist all heretofore practiced technical 
procedures for their complete elimination from refined sugars, even from those 
of the highest purity. There are several phenomena which seem to sub¬ 
stantiate this opinion, although it is a fact that the acetone and alcohol 
soluble constituents of the cane wax complex are tenaciously retained by such 
materials as filter cloth, diatomite, paper pulp and bone black. We have 
been able to extract appreciable quantities of the wax constituents from the 
first three mentioned materials. This property of the complex is of significance, 
since no amount of washing with hot water (go°C) will remove any appreciable 
amount of it. This is illustrated in Table IV. 

Table IV 

Wax Complex retained by Filter Cloth, Diatomite and Paper Pulp 



Cloth 

Diatomite 

Paper Pulp 

Acetone soluble 

0.95% 

i- 79 % 

2 - 74 % 

Alcohol soluble 

0.41% 

1 • 79 % 

o- 94 % 

Total 

1-36% 

3 - 58 % 

3 - 68 % 


A noticeable feature in this table is that although the melting point of the 
acetone soluble is 52°C, and the alcohol soluble is 82°C, the wax of the lower 
melting point is more persistently held by the cloth tissue and paper pulp 
than its alcohol analogue. 
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In regard to bone black adsorption of the complex, Paine and Badollet 3 
have investigated the adsorption of what they call reversible and irreversible 
colloids, and find that bone black exhibits a preferential adsorption for rever¬ 
sible colloids, which, it appears, is dependent on the quality of the bone black 
—the more active blacks have a decided preference for the reversible form. 
In this connection the authors would refer to their paper on “Filtrability 
and Refinability of Raw Sugars ” 4 in which it was pointed out that in their 
experience with raw sugars from the Uba cane, “the bone char rapidly 
reached a stage of saturation with respect to colloidal matter, which it then 
appeared to give up indiscriminately to water or any brilliant syrup . . . 
heat tends to coagulate the colloids in such syrups.” 

Paine and Badollet admit that their distinction “reversible” and “irre¬ 
versible” is more or less arbitrary. They say: “For instance if the period of 
heating of the dried residue (of colloids) is extended the proportion of water- 
irreversible colloids is increased, a portion of the reversible colloids becoming 
irreversible (presumably by hydration).” 

In this connection Dr. Steacie, in a lecture at the McGill University, 
contended that colloidal particles of the same composition assume various 
physical characteristics dependent upon the numerical conjunction of their 
molecules. In the light of this statement it would appear that “reversible 
colloids which may become irreversible” or “emulsoids and suspensoids” 
merely become terms used to distinguish the varying physical properties of 
the same colloid. 

The numerous “amorphous” activated carbons on the market exhibit 
properties similar to bone black in the adsorption of colloids, and it is largely 
to this that they owe their value as auxiliary refining agents. 

We can now pass on to an important question, viz.: What is the nature of 
the colloids found in refined sugar products, from the purest white crystals 
(granulated sugar) to soft sugars of all grades (yellow or brown)? 

In so far as no determinations have been made on the distinctive character¬ 
istics of acetone and alcohol soluble components of cane wax, we do not know 
which of the two is the more resistant against complete elimination from the 
refined sugar product. There are, however, at least two considerations which 
would lead us to feel convinced that it is the acetone soluble which is present 
in greater percentages in refined sugars. 

In our previous paper 6 on the subject, we designated the acetone soluble 
by the letter and the alcohol soluble by “B.” These terms were chosen 
for brevity's sake, G being assigned to the acetone soluble because this 
fraction was usually of a greenish colour, while the alcohol soluble was brown. 

If we now calculate the percentage of the G in the G-B wax extract 
iooG/(G-B) = %G, we obtain certain percentages of G which are quite 
significant. A study of these percentages would seem to indicate that in 
those sugar solutions, and the sugars obtained from them, which have received 

* Planter Sugar Mfr., 79 , 21 (1927). 

4 Intern. Sugar J., 29 , 375 (1927). 

4 Bardorf: Ind. Eng. Chem., 21, 366 (1929). 
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the least treatment or purification, the G fraction is present in the neighbor¬ 
hood of 50%, while in similar solutions and sugars therefrom, which have gone 
through refining processes, the G content is over 50%. 

Analysis of the data given in Table V, tends to substantiate this con¬ 
tention. 

Table V 

Percent “(}” m Haw Sugars and Solutions 


Normal raw sugar S1 % 

Crusher juice 50% 

First Mill juice 51% 

Second Mill juice <>5% 

Defecated juice 40 to 60% 

Average in Cuban Raw Sugars, three seasons 52% 

Cuban Raw, 1026 40% 

Cuban Raw, 1028 63% 

B. W. 1 . Raws, 1926 39% 

Final Molasses . $ 2 % 


Percent “G” in materials m contact with sugar Mentions during refining 


Filter cloth 70% 

Diatomite .. 50% 

Paper pulp washed (a 88°C 74% 

Paper pulp washed Qt 65°C . 64% 

Refined sugars from the vacuum pan . 72% 


A few words of connnenl may be necessary to explain two or three apparent 
anomalies in this table. The remarkable rise of G wax in the second mill 
juice is due to the addition of water, known as (maceration or inhibition 
water) to the bagasse, thus augmenting the emulsifying action of the rollers. 
The G percentage is nearly always highest in juice from the second roller set, 
as it is here that the most of the colloids are forced into the juice. From 
actual determinations of G in juices flowing from a four tandem mill the per¬ 
centages were respectively 47, 67, 55 and 65. The crusher juice was 46%. 

The high percentage of G in Cuban raw sugars of 1928 is consequent upon 
the large proportion of old and burned cane ground at the mill from which 
the sugar was sampled. That only 50% of G was found in the diatomite 
lies in the fact that the filter aid was used exclusively, in this case, for the 
pressing of liquor from washed raw sugar crystals, and must therefore contain 
the same relative percentage of G as the raw sugar itself. 


Minute Presence of Colloids in Granulated Sugar 

There are several further facts to substantiate the conclusions drawn from 
the acetone soluble percentage of wax extracts in raw sugar products as com¬ 
pared with the percentage in refined products. 

A standard grade of granulated sugar may certainly be regarded as one of 
the purest of food products, being comparatively chemically pure. For in- 
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stance, ten samples of such sugars were found to contain ash ranging from a 
minimum of 0.002% to a maximum of 0.016%, having an average of only 
0.008%. 

While the presence of colloidal matter may almost always be observed, 
the quantity present must be exceedingly small. The authors know of no 
direct reliable method for the quantitative determination of colloids in granu¬ 
lated sugar, but there are several by which it may be inferred that the colloidal 
content is 10 per million parts of sugar, or even less. To determine this 
emulsions were made quantitatively of extracted fractions of acetone, alcohol 
and water soluble colloids, and their opacities and colouring qualities studied. 

Acetone Soluble Wax the Predominant Colloid in Granulated Sugar 

To three separate volumes of a 50% solution of water-white granulated 
sugar were added the three fractions of colloids respectively, in the proportion 
of 10 parts in 1,000,000, brought up to ioo°C and well shaken. Examination 
by the Lovibond tintometer showed that the acetone soluble fraction imparted 
one unit of colour, the alcohol soluble sixteen units, and the water soluble 
eighty units. But the tint imparted to the solution by this quantity of the 
water soluble fraction was far greater than would ever be met with in any 
granulated sugar of reasonably good quality. On the other hand the acetone 
soluble wax produces a more pronounced “colloidal haze” than does the alcohol 
soluble, and the water soluble the least of all. This phenomenon is more 
definitely displayed by comparing the relative strengths of Tyndall cone 
produced in the solutions under examination. 

Closely related to this question, Badollet is developing a particularly 
interesting apparatus for the ultra-microscopic photography of colloids. He 
has applied this apparatus, in its present stage of development, to the exami¬ 
nation of granulated sugar solutions, and has produced a large number of 
photographs in the study of this problem. Here again we have a confirmation 
of the occlusion of colloids by the growing crystals, even when the sugar 
liquors are of high purity and brilliant appearance when viewed by transmitted 
light. 

We have a remarkable illustration of how the colloids are more or less 
occluded in proportion to the quantity present in the liquor charge from which 
the crystals are grown. A liquor of lower sugar purity, but relatively free of 
colloids will give a sugar exhibiting a feebler Tyndall cone than one boiled 
from a liquor of higher purity but more charged with colloidal particles. 
(Exhibit photographs): 

“B” from high liquors. 

“S” from colloid free syrup. 

“O” from white liquor, but containing colloids. 

Remelt. 

Lastly, if a granulated sugar of large grain be washed with cold water so 
that in three consecutive washings each will contain about one-third of the 
sugar, the solution representing the outer layer of the crystal will invariably 
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show the strongest Tyndall cone, while the third washing, representing the 
core of the crystal, will show the dimmest cone. From these and other con¬ 
siderations the authors conclude that of the four classes of non-dialysable 
material in raw sugars, the insoluble fraction is completely removed in the 
preliminary steps of the refining operations, i.e., defecation and filter pressing. 
Of the other three the water soluble is absorbed up to qo or 95% by bone 
black, but the acetone and alcohol soluble colloids migrate through all the 
stations of the refinery, and their presence is detectable in all granulated 
and soft sugars. 

From these data we may hope that by the refined optical methods, now 
being developed, some definite quantitative and qualitative information will 
eventually be obtained. Closely related to Badollet’s photographic work is 
that of Balch 6 with the Spectrophotometer and Zerban and Sattler 7 with the 
recently introduced Pulphrich photometer. Zerban and Balch have evolved 
mathematical formulae from which both investigators have been enabled to 
construct instructive tables on Tyndall cone intensities. Zerban has shown 
that in this respect certain anomalies have still to be investigated before the 
light phenomena can be thoroughly understood. 

For a fairly complete bibliography of the large number of -articles on Cane 
Juice Colloids, FarnelTs 8 report may be consulted. In this report the chemical 
as well as the physical properties of the colloids are discussed in many im¬ 
portant details; thirty-three references are given. 

Much of the work above alluded to had to be carried out on sugar Centrals 
themselves, and the authors wish in particular to thank the Eastern Cuban 
Sugar Corporation, and the American Sugar Refining Company for the co¬ 
operation and hospitality of their Cuban estates, and Dr. Schlegel of the 
National Sugar Refineries, for his help in collecting, washing, and sending 
samples of paper pulp used for the filtration of raw sugars. 

St. Lawrence Sugar Refineries , 

Montreal , Canada. 

6 Ind. Eng Chem., Anal. Ed., 3 , 124 (1931). 

7 Ind. Eng. Chem., Anal. Ed., 3 , 326 (1931). 

* Intern. Sugar J., 26 , 420 (1924). 



ON THK NATURE OF COAGULATION VISCOSITY, AND 
THIXOTROPY IN COLLOIDAL SYSTEMS 

BY S. S. KISTLEB 

Introduction 

The most prominent division of colloids into classes is that into lyophilic 
and lyophobic. Many phenomena have been more or less satisfactorily ex¬ 
plained on the basis of the differences in the relationship of the colloidal 
particle to the dispersion medium in these two groups. It has been assumed 
with considerable justification that the lyophilic particle is closely associated 
with a comparatively large quantity of the dispersion medium, and numerous 
investigations have had as their goal the measurement of the amount of 
“bound” solvent. Although the results unquestionably lead to the conclusion 
that there are large differences in this relationship of dispersed to dispersing 
medium, quantitatively there has been little agreement between the various 
methods used. 

The conception of “bound” solvent has led to the general conclusion that 
a certain amount of the solvent is held in more or less of a rigid condition 
within or surrounding the micelle. The author 1 has shown quite conclusively, 
however, that at least in the case of certain of the hydrated sols and gels, the 
amount of water that can be held in anything like a rigid condition must be 
very small. The fluidity of the water in these cases investigated was found to 
be not widely different from 1 hat of pure water. Also, Briggs 2 * in a recent very 
illuminating article has clearly pointed out that “bound” water in its usually 
accepted meaning is purely a fiction. 

In spite of these objections, nevertheless, qualitatively there is no question 
of the large differences between the lyophilic and lyophobic colloids and the 
concept of solvation will undoubtedly continue to be useful although its exact 
meaning remains unknown. 

The Existence of Cyhotactic Complexes in Liquids. In recent years con¬ 
siderable progress has been made in our understanding of the structure of 
liquids, and 1 feel that the time has come when these findings can be applied 
to our knowledge of colloidal systems with much clarification of mooted sub¬ 
jects. X-ray investigations* apparently indicate conclusively that within 
liquids the molecules are constantly associating into evanescent complexes of 
crystal-like arrangement. Even in the case of liquid mercury Debye 4 has 
demonstrated the existence of these complexes. That these complexes must 

1 Kistler: J. Phys. Chcm., 35 , 815 (1931). 

* J. Phys. Chem., 36 , 367 (193a). 

* Stewart and Morrow: Phys. Rev., 30 , 232 (1927); Stewart: Rev. Modem Phys., 2 , 

I lb-22 (1930). 

4 Debye and Menke: Phyaik. Z., 31 , 797 (1930). 
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be widely different from true crystal nuclei seems certain from the fact that, 
although Stewart estimates that at any one instant a large fraction of the 
molecules in a liquid are thus associated, numerous liquids may be under¬ 
cooled for long periods of time without crystallization. Richards and Harris 6 
conclude from their observations on the scattering of light that in under¬ 
cooled liquids there are evanescent amorphous complexes. Whether these 
amorphous complexes of Richards and Harris are the same as the crystal-like 
complexes of Stewart, Debye, and others, it is impossible to decide. It may 
be that they are the same but only upon undercooling of the liquid do the 
densities of the liquid and complex differ enough to scatter light appreciably. 
Stewart has applied the term cybotactic complexes to those that show evi¬ 
dence of crystal-like structure with X-rays. His definition is sufficiently 
broad and vague, however, so that for lack of a better term, I shall refer to 
all associations of molecules into transitory groups as cybotactic complexes 
and for convenience shall refer to them as cybomas. 

Whatever the nature of the cybomas, their existence can scarcely be ques¬ 
tioned. Within a liquid the molecules must be constantly associating into 
cybomas, remaining thus associated for a brief moment and dissociating 
again only to reassociate with other neighbors. How rigid these associations 
may be remains at present unknown, but it seems very reasonable to assume 
that for the brief period of its existence, a cyboma will behave as a single 
particle and go through Brownian movements. In fact, it seems a perfectly 
reasonable assumption that any one complex may not disappear in entirety 
but rather that it is experiencing growth and decay at the same instant. In 
other words, the probability for the existence of any small group of molecules 
within the larger complex in a rigid framework is independent of the prob¬ 
ability for the complex as a whole, so that while new molecules are adding to 
the surface of the complex, older portions are at the same time liquefying. 
A single cyboma, therefore, may progress through the liquid by growth on one 
side and decay on the other. It may branch and the branches quickly split 
off or it may liquefy as a whole. 

If there is some sort of orientation of the molecules within the complex, 
growth by orientation of liquid molecules at the surface may be more probable 
than the sudden association of a group of neighboring molecules into a co¬ 
herent mass. Regardless of how these cybomas arise, it is to be expected that 
they will on the average consist of relatively few molecules and, therefore, 
will diffuse rapidly compared to the velocity of a moderate sized colloidal 
micelle. 

Influence of the Surface of a Colloidal Particle on Cyboma* Formation 

If we consider an imaginary boundary in the undisturbed liquid, an equal 
number of cybomas will cross from each side in unit time due to Brownian 
motion. Suppose, however, that this boundary is replaced by the surface of 
a colloidal particle; there will now come to the surface in unit time the same 
number of cybomas as would have crossed the imaginary boundary. But the 

4 J. Am. Chem. Soc., 54 , 3799 (1932). 
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surface may materially influence the number that progress outward from it. 
In other words, the substitution of a solid surface for the imaginary boundary 
may materially affect the equilibrium conditions at this boundary. 

Three possibilities exist: (i) The cybomas coming to the surface are re¬ 
flected from it so that the same number will be leaving as approaching, or in 
other words, the equilibrium will be undisturbed. (2) The cybomas in contact 
with the surface disappear more rapidly on the average than those in the 
center of the liquid. Under these circumstances there will be, fewer cybomas 
leaving the surface than approaching it, and when an equilibrium is estab¬ 
lished the concentration of the cybomas in the neighborhood of the colloidal 



Fig. i 

Schematic arrangement of cybotactic complexes around a 
lyophobe and a lyophile particle 

particle will be less than in the center of the liquid. (3) At the surface of the 
particles, the probability that neighboring liquid molecules will associate into 
a more or less rigid framework will be greater than the average for the liquid. 
In other words, more cybomas will leave the surface than will approach it, 
and when the steady state is reached there will be a concentration gradient 
established diminishing with distance from the particle. The second and third 
possibilities are represented by a and b respectively of Fig. 1. It seems prob¬ 
able that deviations from case (1) will be greater with (3) than with (2) since 
the concentration gradient built up in (2) depends on the number of cybomas 
in contact with the particle surface, whereas in case (3) it is independent of 
the number of cybomas present and depends only on the interrelationship 
between the surface and the liquid molecules. 

The number of cybomas in contact with unit area of a surface at any one 
instant must be small compared to the number of liquid molecules in contact 
at the same instant. 

If we assume that there are a cybomas per second formed per unit volume 
and that there are kn^ cybomas vanishing, where n 0 is the number present 
per unit volume, in the steady state 

a « kno or n Q *= a/k 
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Assuming case (3), that is, a concentration of cybomas at the surface 
greater than n G , and considering the surface to be plane it can be shown 6 that 

n' = P'e-Viwb * 

where D is the diffusion coefficient, n' is the difference between the concentra¬ 
tion at the distance x from the surface and n 0 , and P r — n f when x * o. 
The expression for variation in concentration with distance fron the surface 
of a sphere is 7 

n ' = -P'e-vk7n<r-r 0 ) 

r 


where r Q is the radius of the sphere. 

Since we are totally in the dark as to the average size and average life of 
these cybomas, the best we can do is to make some reasonable assumptions 
and see where they lead us. Assuming that the average cyboma in water 
contains 10 molecules, that its density is the same as water and that its 
average life is to -6 seconds, the curves of Fig. 2 were obtained for variation 
in n' with distance from a flat surface, a spherical particle 400 A in diameter, 
and a spherical particle 100 A in diameter. 8 The concentration at the surface, 


6 In the stationary state, the number of complexes crossing one cm 2 of a plane parallel 
with the surface at a distance x will be — D dn/dx) per second, and this must be equal 
to the number of complexes in excess of n Q vanishing per second in a column of one cm 2 cross- 
section extending from the plane outward to infinity. In symbolic form, 

— D ■jp = f°° kn'dx 
dx Jx 

differentiating 

~d 2 n' , , 

D —j —- = kn' 

which gives on integration, 

x - CV - VT) 7 k In (11' + Vn’ 2 +~CiA) 

Now when x « x, n f — o and therefore (\ — 0. Postulating that when x = o t n' = P' 

we get _ 

n' = P'e“V kx 

7 Starting with the same assumptions as in note 6, the number of complexes radiating 
from a particle and crossing concentric spherical envelop of radius r is 

dn' 

47 rr-D 


therefore 

dn' 


—4 *t 2 D - df 

Differentiating 

d 2 n' 


dr 2 

The general solution is 



dr’ 
kn'dv 
2 dn' k 


/too /too 

- J kn'dv = 4irk | n'i 


r 2 dr. 


+ ? dF 


D 1 


p _ pj __ 

n' = —-eVk/IJr -1- e~Vk/D r 

r r 


Now introducing the conditions that n' 


— P'e 

r 


o when r — 00 and that n' 
y/FJb (r-r 0 ) 


V when r 


8 The radius of a cyboma containing 10 water molecules will b? about 4.2 X io ~ 8 cm. 
Now from Stokes’ law and kinetic theory. 

RT 

D = 6^N = 5 - 2X,Cr *’ 

where 17 is the viscosity of water (0.01), r the radius of the cyboma and N the number of 
molecules in one gram mole. From the assumption that the average life is io~*, k «= 10 s , and 
VkTb * 4*4 X io 8 cm " 1 * 4.4 X io ~ 8 A°~ l . 
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P\ is taken as unity. This value will undoubtedly be widely different for dif¬ 
ferent surfaces. What its magnitude is can only be guessed, but it can easily 
Ixj such that the diffusion pressure is that of a half molal solution. The in¬ 
fluence of a surface at relatively large distances out into the liquid is strikingly 
shown by this figure. 

Coagulation 

A colloidal solution in which the micellar surfaces either decrease or do not 
affect the number of cybomas in their immediate neighborhood will be essen¬ 
tially unstable and will flocculate rapidly unless it can depend upon electric 
charge or Mime other means of keeping the particles from coming together 
and adhering. This is the case with the lyophobic colloids. If the concentra¬ 
tion of the cybomas decreases with decreasing distance from the surface there 
will actually be a difference in the diffusion pressures due to the cybomas on 
the adjacent and far sides of two micelles near together, which will manifest 
itself as though there were an attractive force drawing the particles together. 
Fig. 3 represents this situation. That means that in such a sol the particles 
must have high electric charges in order to remain permanently dispersed. 
The addition of a small amount of precipitating ion, while not sufficient to 
neutralize the charge, may reduce it to the point where a particle of higher 
than average energy can penetrate through the electric atmosphere of another 
particle and adhere. This situation is strikingly parallel with that found in 
the typical lyophobic sols. The sols become unstable at Zeta potentials rather 
widely removed from zero. Also Smoluchowski 9 in the derivation of his famil¬ 
iar equation for rate of flocculation found it necessary to postulate the exis¬ 
tence of an attractive force extending beyond the surface of a colloidal particle, 
although there has never been a satisfactory explanation of the nature of this 
force. 

• Phymk. Z., 17 , 557, 583 (1916); Z. physik. Chem., 92 , 129 (1917). 
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Conditions surrounding two adjacent lyophobic particles, showing how they are forced 
together in the absence of electric charges. 

Not only may an adsorbed substance affect the Zeta potential but it is 
highly probable that it also affects the relationship of the surface to the cybo- 
ma concentration. Thus it is possible that a sol that fits case (1) or even case 
( % $) above may be so changed by the addition of an electrolyte or other sub¬ 
stance that this attractive force will be brought into play and the sol will be¬ 
have as a typical lyophobic sol. Such cases are rather common. For example, 
although aluminum oxide and vanadium pent oxide sols are classed among the 
hydrophilic sols, they are readily sensitized by various means so that very 
small quantities of electrolytes will precipitate them. The opposite may also 
be true and an added substance can very much increase the stability of a sol 
such as, for example, the addition of a protective colloid or the protective 
action of polyhydric alcohols on certain sols. 

In the case where the concentration of cybomas in the immediate neighbor¬ 
hood of a micelle is considerably larger than that in the mass of the dispersing 



Conditions surrounding two adjacent lyophilic particles, showing how cyboma pres¬ 
sure is built up between them. 
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phase, when two particles approach each other the conditions set up will be 
similar to that depicted in Fig. 4. There will be a decided increase in concen¬ 
tration of the cybomas in the region between the micelles which will have the 
effect of increasing the cyboma pressure on the particles and forcing them 
apart. The exact mathematical treatment of the rise in pressure on a micelle 
as it approaches another is very difficult, but it can be approximated by as¬ 
suming that this rise in pressure will be proportional to the rise that would be 
produced if the micelle were surrounded by an envelope, of radius equal to 
half the distance between micelles, that is impervious to cybomas. In other 



words, all the cybomas produced by the surface would have to remain within 
this spherical envelope. Fig. 5 represents the effect of this envelope radius, R 
upon n', the concentration of cybomas. In this figure 2(R—r 0 ) represents the 
distance separating the micelle surfaces and II' the pressure at the surface 
when R « 00, i.e. t when there is no interference with the outward diffusion 
of the complexes. 10 


10 Differentiating the general solution given in note 7, one gets 

dn'/dr ** */r (oie+Kr — c*e-*r) — n'/r> where k =* 

Now where 

r * R, dn'/dr * o 


where 


c, „ j§-±i c,e-«Rand c, = k'P' 
Kit — I 


Therefore 
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k w * ■■ 3R) +e“ Kr p 


kR - 1 


K ' p ' I nrH e * (r - ,R> + e -Kr I 


Kr 0 + 1 
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Fig, 6 shows the change of the ratio P'/II' with changing values of R. 
Here P'/H' represents qualitatively the repulsive force acting upon the side 
of the particle adjacent to another particle as compared to the normal pressure 
on the side discharging its complexes into free liquid. Here the existence of 
the equivalent of a repulsive force at large distances is illustrated. In Figs. 5 
and 6 it is assumed that the rate of formation of cybomas at a surface is inde¬ 
pendent of P'/n', which seems reasonable within limits. 

As one can readily see, this pressure tending to force particles apart will 
give the sol stability without electric charge and this is the case with the typi- 



The variation of the cyboma pressure on the surface of a particle of r 00 A radius pro¬ 
duced by variation of the radius of an impermeable envelope. 

cal lyophilic colloids such as gelatin or agar. With this type of colloid it can 
readily be seen from our picture that small concentrations of electrolytes will 
be relatively ineffectual in causing precipitation. 

From what has been said so far, it would be expected that lyophobic col¬ 
loids would normally require some special means for dispersing them, while 
lyophilic colloids would tend to disperse themselves spontaneously, a difference 
which is one of the most characteristic of these two groups. 

Again, the same picture that we have drawn would indicate that when rate 
of diffusion is measured by the diffusion of a sol along a concentration gradient, 
such as into pure water, the lyophilic particles should diffuse more rapidly than 
lyophobic of the same diameter due to this repulsion between the micelles with 
surfaces of type (3). This difference has been observed by Bruins, 11 who found 
that hydrophobic particles diffuse at the expected rate, while hydrophilic 
diffuse faster. Addition of electrolyte in the latter case decreased the rate, a 
fact easily explained on the basis of a decrease in the rate- of complex forma¬ 
tion at the surface. He also noted a parallel decrease in viscosity which is in 
complete harmony with this view, as will appear later. At first thought it 


u Kolloid-Z., 54 ,265; 57 ,152 (1931). 
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might appear that the electric field surrounding the lyophobic particles would 
produce the same repulsion at a distance as the cyboma cloud, but this is not 
the case due to the electric double layer, which although diffuse will reduce the 
repulsion between the particles to a negligible value at a relatively small dis¬ 
tance. 

The identification of lyophobic and lyophilic sols with types (2) and (3) 
respectively seems particularly logical since it would be expected that if there 
is an influence on the formation of cybotactic complexes by a surface, the sur¬ 
face more nearly chemically related to the solvent would be more apt to stimu¬ 
late growth. In all cases of highly solvated colloids, the solvent and the col¬ 
loid surface can be shown to be very similar in character. It may be that on 
solvated surfaces there is a distinct orientation of molecules that induces the 
orientation and addition of other neighboring liquid molecules upon it. Com¬ 
plexes grow outward from the surface, split off and others appear. Such a 
particle would appear like a large permanent cyboma seeding the surrounding 
liquid with its offspring. 

Another prediction that comes directly from the interrelationship of the 
cybomas with a surface concerns the lyotropic series of monovalent cations. 
It is a common fact that with the more or less hydrophilic colloids such as 
aluminum oxide the precipitating power of these ions increases in the order 
Li 4 —► Na f —♦ K 4 —► NIL*, while there is practically no difference in their pre¬ 
cipitating values with lyophobic sols. One of the most outstanding differences 
between these 10ns is the degree of hydration which decreases in the order 
given The lithium ion is surrounded by a larger sphere of water molecules 
and perhaps by a larger number of cybomas than the other ions. The repul¬ 
sion, therefore, between a lyophilic micelle and a lithium ion will be greater 
than between the same micelle and any of the other ions and, therefore, when 
equilibrium is established with a solution of definite concentration the amount 
of these ions adsorbed will be greater the lower the degree of hydration of the 
ion. In the case of the lyophobic particle, the establishment of equilibrium 
will be so much more dependent upon the charges than upon the hydration 
of the ions that this difference will have a negligible effect. 

As two colloidal particles with lyophilic surfaces approach each other, 
there will be no repulsive force experienced by either as the cyboma clouds 
interpenetrate until sufficient time has elapsed for the new conditions between 
the particles to effect a rise in the concentration of the cybomas at the surface 
of the particle. This time lag means that the faster moving particles will be 
able to come much closer together before repulsion is experienced and there¬ 
fore will have much better opportunities to come together and adhere. Since 
all particles on the average possess the same kinetic energy, the smaller mi¬ 
celles will move faster and have greater opportunities to attach themselves to 
others. This effect of size will be further accentuated by the fact that the 
smaller particles have less dense clouds of cybomas surrounding them as is 
shown by Fig. 2. This means that very small or very large particles in lyo- 
philic sols will not be as common as some intermediate size, or in other words, 
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the lyophilic sols will tend to have uniform particle size. It is possible that 
the pronounced uniformity of certain proteins may be thus explained. 

The action of a protective colloid is readily understood in the present 
light. The particles of highly lyophilic colloid surround the lyophobic particle 
giving it a lyophilic character. Adsorption of the protective colloid can occur 
even though adhesive forces are negligible, due to the fact that when once the 
particle with its cyboma cloud has come into contact with the lyophobic par¬ 
ticle, there will be a decided difference in diffusion pressure of the cybomas 
between the particles and on the outside, which will tend to hold them together. 



Fig. 7 

Distribution of cybomas around an 
irregular lyophilic body, showing the much 
decreased density where the radius of 
curvature is small. Micelles can therefore 
most readily attach to edges and corners. 



Condit ions surrounding a colloidal par¬ 
ticle settling in a gravitational field il¬ 
lustrating the buoyant effect of the cyboma 
cloud. 


The fact that the concentration of cybomas at a given distance from a sol¬ 
vated surface is smaller the smaller the radius of curvature of the surface leads 
one immediately to the conclusion that under circumstances in which ag¬ 
glomeration may occur, it will be easier for micelles to penetrate the cyboma 
cloud and attach themselves on edges and corners of a mass already coagu¬ 
lated. One, therefore, would anticipate that the agglomeration of such mi¬ 
celles would lead to the formation of chains, plates, or irregular fibrous or 
membranous structures rather than solid masses. The conditions surrounding 
an irregular mass would be somewhat as shown in Fig. 7. This type of struc¬ 
ture would tend to surround and occlude large quantities of the dispersing 
medium and form a semi-solid spongy mass of practically the same volume as 
the original sol. Such a coagulated colloid we term a gel, and gel formation is 
one of the most characteristic manifestations of the lyophilic colloids. The 
strength of such a gel would depend upon forces of cohesion between micelles, 
as well as upon their shape and the structure of the agglomerated mass. 

Probably the stronger the character (3) the stronger will be the gel, due to the 
more fibrillar structure. Notable exceptions occur to this rule—such as silica 
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gel, in which the structure is probably not that of agglomerated colloidal parti¬ 
cles but is, at least in part, due to what one might term dendritic crystallization. 

An interesting possibility is that cyboma clouds surrounding large hydrated 
molecules such as those of sucrose may have a real influence in preventing crys¬ 
tal nuclei from forming in supersaturated solutions. It is logical that if they 
are present they will tend to hinder the proper orientation and close approach 
of sufficient molecules to form a stable crystal nucleus. 

It is clear that a cloud of these evanescent molecular complexes surround¬ 
ing a colloid particle will have a very decided influence upon its rate of sedi¬ 
mentation. As the particle settles through the liquid the complexes diffusing 
out from the lower side will be continually swept back toward the particle by 
the counter current of liquid, so that there will build up in the layer immediately 
in contact with the particle a higher concentration on the lower side and a 
proportionately lower concentration on the upper than normal. The condi¬ 
tions will be somewhat as represented in Fig. 8. The total effect will be as 
though a rigid sphere of liquid surrounding the particle were carried along 
with it. The particle will experience greater resistance than would be pre¬ 
dicted by Stokes’ Law. 

Not only will this effect occur with particles falling in class (3) but it 
should manifest itself as well in case (2) because in this instance, the approach 
of cybomas to the lower side of the particle will be aided, while that to the 
upper side will be hindered and again a differential pressure on the two sur¬ 
faces will be produced. 

Viscosity 

One of the most prominent features of colloidal solutions is their viscosity, 
which has been the subject of numberless investigations, but which as yet has 
received no adequate treatment. In view of the fact that viscosity of pure 
liquids itself has not been understood the failure to make marked progress 
with colloids is not surprising. Recently, however, Andrade 12 and Edwards 
and Stewart 13 have indicated the very close connection between the cybotactic 
complexes and viscosity, which intimates strongly that in this direction also 
lie large possibilities of application to the colloid field. 

Accepting these authors' point of view, which is the most reasonable so far 
presented, it is evident that the fluid in a colloidal solution of the third type, 
that is, in which the number of complexes is increased due to the influence of 
the particle surfaces, will have a greater viscosity. This change of viscosity of 
the liquid will depend upon the surface character of the suspended particles. 
Its magnitude cannot at present be predicted, but will probably be small. 
Since it is a function of the total surface of the colloid, in sols of the same con¬ 
centration but different particle size, it will be greater the smaller that size, 
which is one possible explanation of the variations that have been observed. 

An influence of larger magnitude than that above will be that of the inter¬ 
action of the cyboma cloud with the micelle. The same effect as that de- 

lt Nature, 12 S, 580 (1930). 

u Phys. Rev., (2) 38 ,1575 (1931); Stewart; Nature, 128 , 727 (1931)1 
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picted in Fig 8 will come into play but in this case there will be two regions of 
increased pressure on opposite sides of the particle under shearing stress, as 
shown in Figs 9, a and b Fig 9, a, shows the effect of a low rate of shear in 
the liquid upon the cloud surrounding the micelle Here the cloud is distorted 
and the resultant concentration on opposite sides of the particle will produce 
equal and opposite forces upon it directed at an angle with the plane of shear, 
the angle increasing with the rate of shear These compressive forces will have 
resultants opposing the motion of the fluid so that the viscous drag of the par¬ 
ticle will be greater than would be the case m the absence of the cloud Fig 




Fig 9 

A lyophilic particle under low and high shear showing how the cyboma cloud opposes 
the motion of the fluid 


9, b, shows the effect of a high late of shear It is hardly to be expected that 
the opposing force due to the distortion of the cloud will be a linear function 
of the rate of shear, but it seems probable that it will go through a maximum 
at high shearing rates Compliance of a colloidal solution of type (2) or (3) 
with Newton’s Law of the constancy of viscosity with rate of shear can, there¬ 
fore, not be expected 1 he deviations will most likely be much greater with 
colloids of the third type Again in this case the effect will be more pro¬ 
nounced with small particles than with large 

The influence on viscosity just described will be independent of the exis¬ 
tence of other particles in the solution There is yet another influence on vis¬ 
cosity due to the proximity of the micelles and which will doubtless have the 
greatest effect m concentrated sols As two particles pass each other in a sol 
under shear, the clouds surrounding each will interpenetrate and produce re¬ 
pulsions which can greatly increase the viscous drag, both due to the parallel 
components of the forces and to the fact that the particles will describe length¬ 
ened paths around each other Fig 10, a, represents schematically the inter¬ 
actions of two particles as they approach at low rate of shear It will be re- 
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meinbered, from what has been said earlier, that the repelling force will de¬ 
pend upon disturbance of the equilibrium at the surface of a particle and, 
therefore, there will be a lapse of time between the penetration of the outer 
parts of the clouds and the development of the repulsion The work required 
to move one particle past the other at a given distance will, therefore, dimmish 
with increasing velocity of the particle In addition, the extent of the cloud 
m the direction of the other particle will be reduced by rate of shear as shown 
m I lg io, b, so that at high rates of shear, the particles can approach much 
closei to each other, and they will be more nearly opposite before experiencing 



1 IO IO 

a b 

Two 1 >ophthc particles passing at low and high shearing rates The effect of rate of 
shear ui>on the mutual interference of the particles is clearly seen 

repulsion, so that the viscous drag will be much less at high shearing rates than 
at low This difference in affect of rate of shear can be easily seen by compar¬ 
ing Figs io, a and b 

It might be assumed that as the particles pass each other at high shear and 
the distorted clouds intermingle there will be a repulsive force which will con¬ 
tribute to their progress and thus tend to decrease the viscous drag Fig 11 
shows such a case However, upon more careful consideration of the condi¬ 
tions existing in Fig n, it is evident that these distorted sections of the 
clouds intermingling are being swept away from the particles so that, although 
there will be a region of greater density of the cybomas between the micelles, 
the time lag previously mentioned will prevent any appreciable concentration 
effect at the micelle surfaces before they are swept out of range 

As would be gathered from examination of Figs 5 and 6, this viscous 
effect depending on the proximity of the particles should increase rapidly with 
increasing concentration, and also at constant concentration should increase 
with decreasing particle size The latter effect being due to the much smaller 
average distances between the small particles 
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From what has gone before it is to be concluded that a decrease m particle 
size will inevitably lead to an increase in viscosity in all solutions of type (3), 
and probably also of type (2) since the interactions of the particles will prob¬ 
ably play a more important role than the effect on the total number of cybomas 
in the liquid Experimental results such as those of Od£n 14 on sulphur sols 
lend support to this prediction 

Double Refraction of Non-Spherical Particles 

From general considerations it would be predicted that the optical axis of 
non-sphencal particles suspended in a liquid under shear would coincide 



Fit* 11 

Conditions existing after two particles 
under shear have passed 




Fig 12 

Illustration of the unbalanced forces 
acting on an elongated particle lying m the 
plane of shear The necessity for rotation 
of the axis out of the plane of shear is 
shown 


with the plane of shear, but this has been found to be the case only with coarse 
dispersions In most cases that have been investigated the axis lies at an 
angle between o and 4 <5° with the plane With elastic solids and jellies the 
angle is 4s 0 There has been no adequate explanation of the failure of the 
particles to orientate themselves completely in the plane of shear and state¬ 
ments such as the following from Kraemer 15 have received widespread if tenta¬ 
tive acceptance 4 The particles m the sols mentioned seem to be united m 
some way, forming a more or less tenuous, elastic structure that undergoes 
deformation as well as orientation ” 

An orientation of non-sphencal particles at an angle with the plane of 
shear arises out of necessity from our hypothesis of the conditions surrounding 

14 Z physik Chem , 80, 709 (1912) 

14 Kraemer “Treatise on Physical Chemistry,” Edited by Hugh 8 Taylor, 2, 1609 

(,, $L first person to postulate this connection between orientation and elastic deforma¬ 
tion seems to have been Pontremoh Atti Accad Lmcei, 30II, 216 (1921)) 
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a particle of type (2) or (3). Referring to Fig. 9, a or b, one will immediately 
see that in case the particle is elongated, the forces acting upon it from opposite 
sides will no longer be balanced and there will be a rotation of the particle to 
a new position at an angle with the stream. This unbalanced condition can 
more readily be visualized by reference to Fig. 12. The particle will rotate in 
a direction away from the approaching current and the extent of rotation will 
be less the more elongated the particle is. With increasing rate of shear the 
angle of deviation should be reduced since the viscous drag on the surface is 
in such a direction as to oppose the orientating forces. 

Frcundlich, Ncukircher, and Zocher 16 have carefully measured the optic 
axis of several non-spherical sols and their results confirm completely the pre¬ 
dictions made above. For example, the angle is found to decrease with age of 
a vanadium pentoxide sol, while the length of the particle increases. The 
angle decreases with increasing rate of shear and its direction with respect to 
the motion of the liquid is what has been predicted. While their offered ex¬ 
planation based on the existence of swarms of micelles can in no way be said 
to be invalidated, certainly the explanation based on the influence of the cy- 
lx)mas seems to involve less artificiality. 

It does not longer seem to be necessary to postulate the existence of elastic 
forces acting at relatively great distances throughout the sols. 

Thixotropy 

In sols of type (3), it is evident that particles will tend to take up positions 
at maximum distances from each other, which means that barring other dis¬ 
turbances, a quiet sol will assume a definite structure. Any small force tend¬ 
ing to destroy this structure will be met by a quasi-elastic resistance, and if the 
disturbing force is quickly enough withdrawn, there will be elastic recovery 
from the deformation. Such elastic resistance must be met due to the fact 
that when the micelles are in the configuration of maximum distance from 
each other, any small deformation must reduce this distance, thus increasing 
the forces between certain of the micelles in a direction which would oppose the 
disturbance. 

Even in the absence of Brownian movement, the opposing force, induced 
by a small deformation, would gradually sink to zero due to the migration of 
the particles to new optimum positions, a phenomenon which resembles 
closely in external aspects relaxation under stress in elastic solids. 

The presence of Brownian movement will naturally hinder the complete 
orientation of the micelles into optimum positions, so that the higher the 
temperature, other things being equal, the less distinctly will the elastic prop¬ 
erties manifest themselves. Since the repelling forces betw r een particles rise 
rapidly with increase in concentration, a concentrated sol may show a definite 
yield point, whereas a more dilute sol may be sufficiently disturbed by Brown¬ 
ian movement so that no yield value can be obtained even at very low rates of 
shear. In the more concentrated sol, the shearing stress will approach a con- 


“ Kolloid-Z., 38 , 43, 48 (1926). 
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stant value with decreasing rate of shear as shown by Curve i, Fig. 13, while 
in the dilute sol, due to the rapid relaxing affect of the Brownian motion, no 
limiting value of shearing stress will be approached but as the rate of shear 
becomes very small, the shearing stress will drop off in the manner of Curve 2, 
Fig. 13. These two curves will be recognized to be very typical of lyophilic 
colloidal solutions. 

Again decrease in particle size will manifest itself in a direction similar to 
increase in concentration, since, although Brownian disturbances will increase 
with decreasing particle size, the inter- 
micellar forces will increase more 
rapidly. 

The influence of concentration 
upon the yield point cannot be exactly 
given, but in the simplified case where 
Brownian movement is assumed to be 
negligible, it seems justifiable to assume 
that each particle is surrounded by 
practically a sphere of other particles, 
i e., it is circumscribed by a spherical 
envelope where dn'/dr = o, the con¬ 
ditions assumed for Figs. 5 and 6. The 
yield point of the sol should therefore 
be approximately proportional to 
dP'/dR, since the restoring forces after 
a disturbance will be proportional to 
the same quantity. Taking R as proportional to the cube root of the volume, 
the variation of yield point with volume of sol should be somewhat as shown 
in Fig. 14 for particles of 100 A radius. From this figure one would certainly 
anticipate evidence of yield point in sols of small particle size when the volume 
of colloid is greater than 10% of the total volume. 

Due to the time required for t he forces to produce optimum orientation, a 
lyophilic sol that has been thoroughly mixed will show a rise in viscosity with 
time. On the other hand, if the sol is allowed to stand quiescent in a vis¬ 
cometer and then its viscosity is measured at constant rate of shear, it will be 
found to decrease with time and extent of working to some constant value 
which, however, will be smaller the greater the rate of shear, due to the 
smaller opportunity for the repelling forces to set up the ordered arrangement. 

This rise in viscosity with quiescence and return again upon working, par¬ 
ticularly when the sol develops a definite yield value upon standing, has been 
termed thixotropy. Several tentative explanations have been proposed for it 
but none have been found satisfactory, and it was in a search for a satisfactory 
explanation that the author was led to a consideration of the influence of cybo- 
tactic complexes. 17 

Although the explanation as given seems to account successfully for numer¬ 
ous observations, it does not seem to me that the yield value described above 



Fia. 13 

Typical stress-rate of shear curves 
for sols. Curve 1 shows a definite yield 
point while 2 shows none. 


17 Kistler: J. Phys. Chem., 35 , 828 (1931). 
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can have the magnitude of that found in certain thixotropic gels, such as those 
of Fe»O t and A 1 * 0 *. In these cases, probably reversible coagulation plays a 
part. These gels belong to the class in which a decided Zeta potential is neces¬ 
sary for stability, and it may be that upon the addition of the small amount of 
electrolyte necessary to bring about the thixotropic condition, the surface is 
changed to type (2) in which there is a definite attraction between particles. 
Since this attractive force undoubtedly extends farther than the electric re¬ 
pulsion there will be a tendency for the particles to take up positions with re¬ 
spect to each other at a smaller distance than the average distance of separa- 



Curve illustrating the probable influence of the dilution of a lyophilic 
sol upon the yield point. 

tion of the particle in the sol. Under such circumstances the particles in a 
quiescent sol will tend to collect into flocks which may be irregular and tenu¬ 
ous. Within each swarm of micelles the particles would tend to assume very 
definite positions with respect to each other in which the attractive forces 
would be counter balanced by the electric repulsions. Since the average dis¬ 
tance separating the particles in any one swarm would probably be small due 
to the limited extent of the electric fields, the swarm could possess considerable 
rigidity. Since the micelles forming any swarm must be drawn from the liquid 
in the immediate neighborhood, the swarms must necessarily be small in cross 
section but may be inter-connected so that they form in effect an anastamosing 
sponge-like structure extending throughout the whole volume of the sol. 
Such a structure when completely formed could give the sol a rigidity much 
greater than it could possess if the particles remained dispersed at maximum 
distances. This two-phase sol would assume the aspects of a gel but would 
again become a mobile liquid upon mechanical agitation and dispersion of the 
swarms. 

If the above explanation of this particular type of thixotropic sols is correct, 
one would expect that the thixotropic condition would occur only in a very 
limited range of electrolyte concentration. Occurring as a balanced condition 
between electric charge and attractive force one should expect that only cer- 
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tain sols would be capable of attaining this balance. In general, the sols of 
type (2) would coagulate rather than halt on this metastable plateau. These 
expectations have been realized and although it may become possible to in¬ 
duce thixotropy in many more sols, at present the number of electrolyte-sensi¬ 
tive sols that have been brought into this condition is relatively small. 

Such swarms of particles as have been postulated above have been demon¬ 
strated to exist in aged V 2 0 & and Y^Os sols. 18 Zocher has applied the term 
“tacto-sols” to these swarms. Those that he has studied have shown a definite 
optic axis which indicates that the particles are non-spherical and orientated. 
The orientation, there observed, would be a natural consequence of formation 
as above postulated. 

Although the theory of the influence of cybotactic complexes upon colloidal 
systems as presented above, offers, in itself, an explanation of a large number 
of phenomena, I do not wish to imply that it is the sole cause of these phe¬ 
nomena, but that it is a general background upon which may be superimposed 
other effects which have been given credence in the current literature. 

It is a pleasure to acknowledge my indebtedness to Dr. David G. Bourgin, 
Mathematic Department, University of Illinois, for his assistance in deriving 
and checking the formulas used, and to Professor H. Freundlich, Berlin, for 
carefully reviewing the manuscript before its presentation. 

Summary 

1. The existence of cybotactic complexes in liquids is discussed and it is 
shown that colloids may be divided roughly into two classes, corresponding to 
lyophobes and lyophiles, depending upon whether the surfaces tend to depress 
or stimulate the formation of cybotactic complexes, called here “cybomas.” 

2. The stability of a lyophilic sol is shown to depend mainly upon a con¬ 
centration gradient of cybomas decreasing with distance from each colloid 
particle, while the tendency to coagulate and the previously postulated force 
of unknown origin tending to draw particles at a distance together in lyophobic 
sols are connected with a gradient of opposite sign. 

3. Reasonable assumptions are made in regard to the average size and 
average life of cybomas, and equations derived showing the relatively great 
distance into a liquid at which a surface may have influence. 

4. The differences between ease of dispersion of lyophile and lyophobe 
colloids, and the unexpectedly large rate of diffusion of the former are explained. 

5. An explanation of the lyotropic series Li + —►Na + -^K + —>NH 4 + is 
given. 

6. The fact that lyophilic sols tend to possess very uniform particle size 
is predicted from the interactions with cybomas. 

7. The tendency shown by lyophiles to precipitate in fibriles, plates or 
“brush heaps” enclosing much liquid is shown to be a necessary consequence 
of the assumptions made. 

lg Zocher: Z. anorg. Chem., 147 , 91 (1925); Zocher and Jacobson: Kolloid-Z., 41 , 220 
(1927); Kolloidchem. Beihefte, 28,167 (1929)- 
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8. A probable influence of cybomas on the tendency of large hydrated 
molecules such as sucrose to supersaturate is indicated. 

9. The influence of a colloid on the viscosity of a liquid is ascribed to three 
separate affects, (a) the influence on the total number of cybotactic complexes, 
(b) the interaction between these complexes and a particle under shear, tend¬ 
ing to increase the resistance offered by the particle to viscdus flow, and (c) 
the interactions between two particles while passing, due to intermingling of 
their attendant cyboma swarms. It is pointed out that the particle size of 
lyophiles must have a large influence on viscosity, the smaller the particles 
the greater the viscosity. 

10. The fact that nonspherical particles do not orient themselves in the 
plane of shear is shown to arise of necessity from the adopted assumptions, 
and the direction of rotation as well as the influence of rate of shear and par¬ 
ticle size are predicted. 

11. The failure of a lyophilic sol to show constant viscosity with different 
rates of shear, the rise in viscosity with decrease in shearing rate, the decrease 
of viscosity with time at constant rate of shear, and the existence of a yield 
point are predicted. In other words, thixotropy is given a rational explanation. 

ia. A reasonable explanation is offered for Zocher’s “tacto-sols.” 

Umveixitif of Ilhnoib , 

Urbana , llhtuns. 



THE ADSORPTION OF ELECTROLYTES BY ASH-FREE CHARCOAL 

VII. A Brief Survey of the Present Status of the Subject, and Evidence that 
Negative Adsorption of Inorganic Bases decreases with Length of 
Time of Contact of Charcoal with Solution* 


BY ELROY J. MILLER 

At the Fifth Colloid Symposium 1 a summary was presented of the studies 
that had been carried out on adsorption from solutions of acids, bases and 
salts by adsorbent charcoal. It was pointed out that the earlier results ob¬ 
tained by Freundlich, Michaelis, Odfa, and others in their adsorption studies 
with blood charcoal were anomalous and contradictory. In the light of the 
results obtained with activated sugar charcoal and other ash-free charcoals, 
these discordant results could be satisfactorily explained on the basis of im¬ 
purities in the charcoal such as ash, incompletely decomposed organic matter, 
and unsuspected adsorbed acids. The results with the ash-free sugar char¬ 
coal, and with the purified charcoals of animal and vegetable origin, were 
surprisingly consistent and reproducible, and many new facts were established 
which since that time have been verified in a number of laboratories. Adsorp¬ 
tion from solutions of electrolytes seemed to be on a firm basis and the ground¬ 
work was indeed laid for many future investigations, as is evidenced by the 
scores of papers that have appeared on the subject since that time. It seetns 
desirable again to present a brief survey of the present status of the subject. 

It will be recalled that ash-free adsorbent charcoal that has been heated at 
temperatures around iooo° has the property of adsorbing acids, but it does not 
adsorb the inorganic bases.- From many salt solutions the charcoal adsorbs 
acid hydrolytically with the liberation of alkali. Ash-free charcoal adsorbs 
large amounts of acyds such as benzoic and salicylic. Dicarboxylic acids such 
as succinic, malic and tartaric are moderately adsorbed. Adsorption of ali¬ 
phatic acids increases with increasing length of carbon chain. Inorganic acids, 
such as HC 1 , H 2 S 0 4 and HN 0 3 , are relatively slightly adsorbed. Inorganic 
bases are not adsorbed at all. The introduction of polar groups such as hy¬ 
droxyl and amino groups into organic acids decreases adsorption. In the ali¬ 
phatic acid series the shorter the carbon chain the greater is the effect of the 
introduction of the polar groups. Thus the introduction of the amino group 
into acetic acid cuts down the adsorption completely. Furthermore, the posi¬ 
tion of the polar groups in the molecule influences the adsorbability of the acid. 
0-, m- and p-hydroxy benzoic acids and o-, m- and p-amino benzoic acids 
are adsorbed in different amounts depending upon the position of their polar 
groups; the ortho acid is adsorbed most, the para next and the meta least. 
Isomeric forms of the fatty acids, butyric, valeric and caproic are adsorbed less 

* Contribution from the Chemical Laboratory of the Michigan Agricultural Experiment 
Station. Published with the permission of the Director of the Experiment Station as 
Journal Article No. 122 (n.s.) 
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than the normal forms. It should be particularly noted that while NH4OH is 
not adsorbed at all, tetramethylammonium hydroxide is slightly adsorbed and 
tetraethylammonium hydroxide is quite appreciably adsorbed. It is inter¬ 
esting and significant that these organic bases which are practically as strong 
bases as are NaOH and KOH are positively adsorbed, whereas the latter are 
not adsorbed at all or are actually negatively adsorbed. 

Complete Proof of Hydrolytic Adsorption * 

Methods were developed for the quantitative estimation of adsorbed acids 
on ash-free charcoal. 3 Known amounts of acids were adsorbed on charcoal 
and the amounts of acid recovered were quantitatively equal to the amounts 
adsorbed for various types such as aromatic, dicarboxylic, aliphatic and in¬ 
organic acids. With the development of these methods for the quantitative 
estimation of adsorbed acids on charcoal it became possible to furnish com¬ 
plete proof of hydrolytic adsorption. The amount of alkali set free by the 
charcoal was determined and the charcoals were then examined for the pres¬ 
ence of adsorbed acids. The results with salts of a number of organic acids 
showed that the amount of adsorbed acid recovered from the charcoal was 
exactly equivalent to the alkali set free and left in solution. Similar results 
were obtained with salts of inorganic acids, but in addition, the chloride and 
sulphate were determined and also found to be equivalent in amount to the 
acid adsorbed and base set free. Complete proof of hydrolytic adsorption 
from salt solutions was thus established. The charcoal contained no alkaline 
impurities, and the acid recovered from the charcoal was the same as that from 
which the original salt had been derived. 

Hydrolytic and Molecular Adsorption from Salt Solutions 

From an investigation of adsorption from a series of potassium salts 4 it was 
found that the hydrolytic adsorption from solutions of inorganic salts was 
exclusively hydrolytic, while from salts of organic acids, adsorption was both 
hydrolytic and molecular. The concentration of potassium after adsorption 
had decreased in solutions of salts such as potassium benzoate and salicylate, 
indicating that besides hydrolytic adsorption of acid from the salt, there was 
adsorption of the salt as such. The concentrations of potassium in solutions 
of potassium sulphate, nitrate, and chloride were actually slightly higher after 
adsorption, indicating that only acid (and some water) was adsorbed from 
these solutions. It was evident from other facts that the increase in concen¬ 
tration w T as undoubtedly due to adsorption of water along with the acid 
hydrolytically adsorbed. It was observed that while the adsorption of the 
inorganic salts was exclusively hydrolytic the absolute amount of potassium 
hydroxide set free was approximately only one-fourth that set free from 
sodium benzoate. 

Negative Adsorption of Potassium Hydroxide 

By the use of larger quantities of charcoal (10 grams or more) it was 
definitely established 4 that negative adsorption of potassium hydroxide occurs. 
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The concentration of potassium after adsorption was higher than in the origi¬ 
nal solution, but the absolute amount of potassium was the same before and 
after adsorption. These results on negative adsorption were all obtained 
under uniform conditions. The charcoal was always freshly ignited just before 
use and allowed to remain in contact with the solution for a definite length of 
time. It was found, however, that when these conditions were varied the 
resultant effects were not always in agreement. 

Decrease of Negative Adsorption with Time 

It was surprising to find (Table I) that the length of time the charcoal and 
solution remained m contact determined very largely the magnitude of the 
negative adsorption. And still more surprising was the fact that the magni¬ 
tude of the negative adsorption, contrary to positive adsorption, decreased 


Table I 


Decrease of Negative Adsorption of NaOH with Time 
14 g. Ash-Free Blood Charcoal (Old Type, 1925) 
added to 100 cc. 0.02 N NaOH 


Duration of Contract 
5 minutes 
20 

35 ” 

3 hours 
48 ” 


Cc o 02 NaOH Adsorbed 
-1 9 
-1 4 
— o 6 
+0 3 

+ 1 8 


9 g. Ash-Free Blood Charcoal (Old Type, 1929) 
added to 100 cc. 0.02 N NaOH 


30 minutes 

30 

25 hours 
70 ” 


-3 00 
“3 52 
~o 60 
— o 60 


0 g. Ash-Free Blood Charcoal (Old Type, 1930) 
added to 100 cc. o 02 N NaOH 


20 minutes 

— 2 

30 (2) 

_ _ 11 

20 

— 2 

30 (4) 

75 ” 

— 2 

90 (1) 

43 hours 

— 0 

10 (5) 

53 ” 

— 0 

30 (3) 


with time, and fairly rapidly. Thus in one experiment, at the end of thirty 
minutes 3 cc. of water had been adsorbed while at the end of twenty-six hours 
the value had decreased to 0.6 cc. In another experiment, at the end of fifteen 
minutes 2.9 cc. of water had been adsorbed and at the end of twenty-six hours 
the value had decreased to 0.1 cc. The results were somewhat erratic, how¬ 
ever, and it was evident that not all the controlling factors were known. From 
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a considerable number of experiments (Fig. i), however, it was quite evident 
tha t negative adsorption does decrease with time. When the adsorption 
effects were measured within thirty minutes after addition of the charcoal to 
solution, a considerably higher value for the water adsorption was obtained 
than when charcoal and solution remained in contact for a period of twenty- 
four to seventy hours. In a few instances positive adsorption appeared to be 
indicated, but it was later found that these were undoubtedly due to the fact 
that the temperature of ignition was too low, and substances of an acid nature 
had been formed on the charcoal. 



^Qrans of Charcoal 
100cc OOXN NaOH 
fterck's Old Type. - • 
•• Ne w »</)=+- 

" " " B * x 

.C -* 



10 15 

Hoars 


Decrease of Negative Adsorption with Time of Contact of Charcoal with Solution 


Effect of Temperature of Ignition of Charcoal on Adsorption from Solutions of 

Sodium Hydroxide 

An investigation of the temperature factor (Table II) definitely indicated 
that the temperature to which the charcoal is heated prior to the adsorption 
does influence the results. For example, the charcoal sample No. 4 when 
heated in the neighborhood of 1200° at the end of thirty minutes gave a 
negative adsorption of 1.95 cc. and at the end of two hours 0.96 cc., but when 
heated at 500° a marked positive adsorption of sodium hydroxide was ob¬ 
served. After washing, drying and re-igniting at 1200° negative adsorption 
was again obtained. When again heated at 500° negative adsorption was still 
observed. The fact that the second heating at 500° gave a negative adsorp- 
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Table II 

Effect of Temperature of Ignition of Charcoal on Adsorption of NaOH 
9 g. Ash-Free Blood Charcoal (Near Type) added to ioo cc. 0.02 N NaOH 


Charcoal Sample 

Temperature 
of Ignition 

Duration 
of Contact 

Cc. 0.02 N NaOH 
Adsorbed 

No. 1 

900° 

30 minutes 

+ 1.76 

tt 

900° 

. _ tt 

30 

+0.20 

ft 

900° 

. _ tt 

30 

— 0.40 

No. 2 

900° 

24 hours 

+ 7.96 

tt 

900° 

30 minutes 

+0.56 

No. 3 

900° 

72 hours 

+ 1 .86 

tt 

900° 

30 minutes 

+0.80 

No. 4 

io75°-i2oo° 

2 hours 

— 0.96 

tt 

io75°-i2oo° 

30 minutes 

— 1.96 

tt 

500° 

20 99 

-f- 8 00 

It 

1200° 

20 99 

— 3.1 ° 

tt 

500° 

IS ” 

— 2.60 

tt 

I 2 00° 

47 hours 

— 1 90 

tt 

1 200° 

20 minutes 

0 

ir: 

C4 

1 

tt 

2 200° 

48 hours 

O 

OG 

0 

1 


lion while the first heating gave a positive adsorption could not easily be ex¬ 
plained at first, but Kruyt and de Kadt 5 published a note somewhat later 
which afforded a simple explanation for the apparent discrepancy. They 
found that charcoal which had been heated at goo° and which adsorbed acids 
but not inorganic bases was reheated at 400° in oxygen, it acquired the prop¬ 
erty of adsorbing bases. This property could be destroyed by again heating 
at the higher temperature. 

Kruyt and de Kadt postulated the formation of substances of an acid 
nature such as intermediate products of mellitic acid on the surface of the 
charcoal by the heating in oxygen at lower temperatures. At the higher 
temperature the acid substances were destroyed. These acids could easily ac¬ 
count for the apparent adsorption of bases as had been repeatedly shown 1 for 
adsorbed acids on ash-free charcoal. For example, an ash-free charcoal heated 
at 1075° adsorbed a large amount of benzoic acid but no sodium hydroxide. 
When complex water-insoluble methyl red acid was adsorbed on the charcoal 
it was able to take up a considerable amount of alkali (molecular adsorption of 
salt of strongly adsorbed organic acid), and when the charcoal was reheated at 
1075 0 to destroy the methyl red acid, the charcoal no longer took up any 
alkali, but still adsorbed benzoic acid. Kruyt’s charcoal and charcoal carrying 
adsorbed organic acids then have properties in common. 

The apparent discrepancies in the behavior of the charcoal after various 
heat treatments were eliminated when it was found necessary to heat the 
charcoal above 900° for a considerable time in order to completely decompose 
the acid formed on the charcoal. Once the charcoal has been freed from the 
carbon acids, however, heating at 500° in the absence of air does not result in 
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the formation of the acid, and negative adsorption of alkalies which decreases 
with time is still observed. For rapid formation of the complex acid it is 
necessary to heat the charcoal at 300-400° in the presence of air and water 
vapor, although the action takes place slowly even at room temperature. 

Recently, Kolthoff 6 has attempted to obtain more information on the 
nature of the acid formed on the surface of Kruyt’s charcoal and found evi¬ 
dence of the formation of a complex colloidal acid. If taking up of alkali by 
Kruyt's charcoal is the Rame as adsorption of acid, then the 400° charcoal 
should adsorb KOH hydrolytically from KC 1 with the liberation of HC 1 , but 
Kolthoff could not detect any liberation of HC 1 and indeed the chloride con¬ 
tent of the solution after adsorption had decreased slightly. The solution 
had become slightly acid, however, and Kolthoff found some evidence of the 
presence of a complex colloidal acid. 
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Fig. 2 

Schilow's Oxides of Carbon 


Schilow’s Oxide Theory 

About the time that Kruyt and de Kadt made their discovery, Schilow and 
co-workers 7 also observed that charcoals heated at lower temperatures took up 
bases. From this and other facts they postulated a theory that adsorption of 
acids, bases and salts by charcoal takes place through interaction with acidic 
and basic oxides of carbon on its surface. Schilow 8 pictures these oxides 
(Fig. 2) as A which with water gives a slightly basic Carbon hydroxide, oxide 
B which forms a strongly basic hydroxide and oxide C which is acidic in nature. 
An inner salt of oxide B and C is also pictured. Oxide A is stable at all tem¬ 
peratures and in presence of oxygen up to 2 mm. pressure. Oxide B is formed 
from A at 2 mm. oxygen pressure and is stable up to very high pressures. 
Oxide C is formed from oxide B by heating in oxygen at 300-700°. 

Schilow’s explanation of the mechanism of hydrolytic adsorption is as 
follows: 

/OH /Cl 

: : c + 2 kci —►: : c + 2 koh 
\>h 

The chloride ion of the KCI replaces the OH ions and KOH remains in solution. 
Hydrochloric acid would of course react with oxide B to leave water in place of 
KOH, while potassium hydroxide would not react at all with it. 
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y^OH yCl 

: : c + 2 hci —►: : c + 2 h,o 
^oh \n 

Schilow® found also that the oxygen pressure on the charcoal influenced 
markedly the adsorption of hydrochloric acid. In Fig. 3 are his curves for the 
adsorption of hydrochloric acid in a number of concentrations as affected by 
the oxygen pressures. The action is stepwise and independent of the adsorp¬ 
tion isotherm for oxygen. At pressures up to 2 mm. the curves are horizontal. 



Fig. 3 

Schilow’s Curves for Adsorption of HC 1 against Oxygen Pressures 

then there is a sharp break followed by another horizontal section. The lower 
section represents the adsorption by oxide A and the steep part marks the 
formation of oxide B, and the second flat part the adsorption by oxide B. 

Frumkin’s Gas Electrode Theory 

Frumkin and co-workers, 10 however, obtained entirely different results for 
the relation between oxygen adsorbed and hydrochloric acid adsorbed. They 
found that within certain limits the milliequivalents of hydrochloric acid ad¬ 
sorbed were equal to the milliequivalents of oxygen adsorbed. Their curve for 
oxygen adsorption (Fig. 4) against pressure was smooth, and the adsorption 
of HC 1 was equivalent to the oxygen taken up (Table III). They have an 
entirely different explanation for the adsorption of acids, bases and salts. 11 
Their theory is essentially that activated charcoal in the presence of hydrogen 
or oxygen functions as a gas electrode. In the presence of oxygen, hydroxyl 
ions appear in solution and the positive charge on the charcoal then attracts 
anions and adsorbs acids but not alkali. Neutral salts are hydrolytically ad- 
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Table III 


liequivalents of 

Milliequivalente HC 1 

Oxygen per g. 

Charcoal 

Adsorbed per g 
Charcoal 

O 012 

0.012 

o 033 

0035 „ 

0.044 

0.043 

0 052 

0 051 ' 



Frumkin’s Curve for Adsorption of Oxygen at Different Pressures 

sorbed with the liberation of alkali. In an atmosphere of hydrogen, hydrogen 
ions appear in solution, leaving the charcoal negatively charged and in a posi¬ 
tion to attract cations. Alkali is adsorbed but not acid. Neutral salts are 
hydrolytically adsorbed with the liberation of acid. 

Frumkin’s early experiments 11 with charcoal alone did not entirely support 
his theory, but when platinum was incorporated with the charcoal the ad¬ 
sorption of HC 1 and NaOH in atmospheres of hydrogen and air was in keeping 
with the theory (Table IV). HC 1 was adsorbed in the presence of air but not in 
hydrogen, while NaOH was not adsorbed in air but was adsorbed in hydrogen. 
Through improvement in technique, however, Frumkin 12 was able to show 
(Table V) that charcoal even in the absence of platinum behaved in keeping 
with the theory, and that from potassium chloride in an atmosphere of 
hydrogen KOH was hydrolytically adsorbed, while in air HC 1 was taken up. 
Hydrochloric acid was not adsorbed in hydrogen but was adsorbed in air. 
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Table IV 


Per cent 


Milliequivalents HC 1 
adsorbed in Presence of 

Milliequivalents NaOH 
adsorbed in Presence of 

Pt. 


Air Hydrogen 

Air Hydrogen 

0 00 


0 227 0 190 

0 000 0 000 

0 004 


0 298 0 116 

0 000 0 000 

0.032 


0 333 0 048 

0.000 0 426 

0 16 


0 358 0 000 

0 000 0 521 

0 80 


0 376 0 000 

0 000 0 557 

4 00 


0 393 0 000 

0 000 0 576 

0 

0 

0 

•-1 


0 406 0 000 

0 000 0 582 



Table V 




Charcoal saturated with Charcoal saturated with 
H 2 adsorbs KOH Air adsorbs HC 1 



KC1 Solution 



1 

0 0216 

0 025 


11 

0 021 

0 025 


hi 

0 0205 




Charcoal saturated with 
H 2 adsorbs HC 1 

Charcoal in Presence of 
Air adsorbs HC 1 



HC 1 Solution 



IV 

0 0 

0 14 


V 

0 0 

0 139 


VI 

0 0 




Charcoal saturated with 
H 2 adsorbs KOI! 

Charcoal in presence of 

Air adsorbs KOH 



KOH Solution 



VII 

0 66 

0 0 


VIII 

0 0655 

0 O 


Table VI 


Amount of HC 1 adsorbed 
Millimoles 

In vacuo After contact of 
Charcoal with air 


Amount of NaOH adsorbed 

In vacuo After contact of 
Charcoal with air 


o 


o 140 


o o 


o 


o 140 


o o 


Potassium hydroxide was adsorbed in hydrogen but not in air. Frumkin 1 * was 
finally able to demonstrate (Table VI) that in a vacuum, in the absence of 
both hydrogen and oxygen, neither acid nor alkali was adsorbed. Schilow, 14 
however, always maintained that even in vacuo the charcoal adsorbed hy¬ 
drochloric acid through the agency of his oxide A which was stable even at low 
pressures and high temperatures, and that KC 1 was not hydrolytically ad¬ 
sorbed by this oxide. Frumkin 18 questioned Schilow’s results and pointed out 
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that it is necessary to continue the heating of the charcoal for twenty-four 
hours in a high vacuum in order to get rid of all the oxygen. But at the same 
time with improved technique Frumkin found that the hydrogen atmosphere 
no longer prevented the adsorption of hydrochloric acid when the concentra¬ 
tion of the acid solution was above o.i Normal. In concentrations above 
tenth-normal the adsorption increased rapidly in spite of the presence of hy¬ 
drogen. This Frumkin attributed to molecular adsorption. 

Recently Bretschneider, 16 working in Ruff’s laboratory,/has reported that 
the adsorption of succinic acid in air and in vacuo is the same (Table VI). This 
substantiates Frumkin’s findings 11 that the adsorption of benzoic acid is not 



EndkoNz erttratioN 

Fia. 5 

Brctschneider's Curves for Adsorption of HC 1 

influenced by the presence of hydrogen or oxygen, even by platinized charcoal. 
Contrary to Frumkin, Bretschneider found that hydrochloric acid is quite ap¬ 
preciably adsorbed by charcoal in vacuo but in the presence of air the adsorp- 
tion is increased, practically to the same value for the original charcoal in air. 
From Bretschneider’s curves (Fig. 5) it is apparent that the original charcoal 
and the evacuated charcoal to which air had afterward been admitted had 
identical adsorption capacities. The practically constant difference between 
the values for evacuated charcoal and charcoal in air Bretschneider attributed 
to the presence of Schilow’s oxide B which can bind hydrochloric but not suc¬ 
cinic acid. He favors Schilow’s theory and states that Frumkin’s theory does 
not afford any better explanation. 


Discussion 

In view of the uncertain and controversial status of much of the evidence 
for the oxide and gas electrode theories it is difficult, if not impossible, to 
evaluate them at present. One thing, however, appears to be certain, and that 
is the section of the field of adsorption of electrolytes from solution to which 
they apply is.very limited. Frumkin and Schilow have both recognized this 
fact and emphasise that molecular adsorption is not excluded by their theories. 
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It should be pointed out that, on the whole, the experimental evidence indi¬ 
cates that only those substances which are least adsorbed or not adsorbed at 
all in the presence of air are influenced by the nature of the gas adsorbed on the 
charcoal, and these only in lower concentrations. The adsorption of HC 1 from 
dilute solutions by charcoal apparently can, under certain conditions, be in¬ 
fluenced by the presence of hydrogen, but in higher concentrations it is not 
affected. Only the first two or three members of the aliphatic acids, 17 which 
are relatively slightly adsorbed, are appreciably influenced, but the effect falls 
off rapidly with increase in length of carbon chain. The more strongly ad¬ 
sorbed organic acids such as benzoic and succinic are not affected by the ad¬ 
sorbed gas. The reason for this, Frumkin 11 states, is that acids such as benzoic 
are like non-electrolytes in their adsorption by charcoal. This explanation 
encounters serious difficulties when the adsorption behavior of bases is con¬ 
sidered. 

It is difficult to explain, by either of the theories, why sodium and potas¬ 
sium hydroxides are not adsorbed in the presence of air, while the equally 
strongly dissociated organic base, tetraethylammonium hydroxide is ad¬ 
sorbed; and again, on the other hand, the weak base, ammonium hydroxide, is 
not adsorbed. Equally difficult to understand is the fact that the adsorption 
of KC 1 , which is exclusively hydrolytic, can be affected by the gaseous at¬ 
mosphere, while the greater hydrolytic adsorption of potassium benzoate is 
not affected. Under the circumstances it would be necessary to account for 
hydrolytic adsorption of potassium chloride by one theory, and hydrolytic 
adsorption of potassium benzoate by another. The effect of introduction qf 
polar groups on adsorption does not seem to be explainable by either of the 
theories, nor is the negative adsorption of sodium and potassium hydroxides 
and its decrease with length of time of contact of charcoal with solution. 

Roychoudhury and Mukherjee 18 have put forth the argument against the 
gas electrode theory that Kruyt’s charcoal in oxygen is negatively charged 
whereas charcoal in oxygen according to Frumkin’s theory should be positively 
charged. If, however, Kruyt’s charcoal does contain carbon acids with the 
carboxyl groups extending into the water phase, the negative charge could 
arise from the dissociation of the COOH group. This is in keeping with the 
fact that this charcoal is easily wetted by water whereas the same charcoal 
heated to a high temperature is very difficult to wet. This charcoal after 
destruction of the carboxyl groups could, in oxygen, be positively charged ac¬ 
cording to Frumkin’s scheme. It is clearly possible to have charcoal either 
positively or negatively charged in oxygen, depending upon the conditions of 
the previous heat treatment, and the argument, therefore, is not a valid one 
against the gas electrode theory. Furthermore, it seems possible that some of 
the experimental evidence and procedure employed by Roychoudhury 19 are 
open to question. In the first place his charcoal was heated at 6oo° which is 
not high enough to destroy or drive off the acid products on the surface of the 
charcoal and they probably are even slowly formed at that temperature, for 
the optimum is in the neighborhood of 400°. As is evident from the data 
presented in this and previous papers it is necessary to heat the charcoal 
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around iooo° or above to free it from its acidic properties and to obtain a 
charcoal that does not take up alkali. Roychoudhury’s charcoal, therefore, 
probably carried some acid products. 

Another procedure which is open to question and which may have vitiated 
some of Roychoudhury’s results is that of washing the charcoal with conduc¬ 
tivity water to effect purification. In the early work with ash-free charcoal it 
was repeatedly pointed out 1 * 20 * 21 that it is practically impossible to wash out 
easily measurable amounts of acid by repeated extraction with conductivity 
water alone. In Table VII are given the results of one experiment which il¬ 
lustrates this fact fairly well. Methods for the quantitative estimation of 
adsorbed acids on charcoal were developed, 8 and procedures for detecting and 
measuring acidic and alkaline impurities were devised. 21 In view of the results 
obtained with these methods it is exceedingly doubtful whether conductivity 
measurement as carried out by Roychoudhury is any indication of the 
quantity of acid adsorbed on the charcoal How futile such a measurement is 


Table VII 

Removal of Adsorbed HC 1 from Charcoal by Extraction with Water 
Each Extraction with 200 cc Conductivity H 2 0 


Extraction 

No. 

Period of Contact 

Temp. 

Acid Removed 

Cc 0 02 N 

1 

15 hours 

Room 

0.00 

2 

1 v 

Boiling 

1.50 

3 

30 minutes 

99 

0.80 

4 

60 ” 

99 

1.00 

5 

10 ” 

99 

0.40 

6 

15 hours 

Room 

0.00 

7 

5 minutes 

Boiling 

O.IO 

8 

1 hour 

99 

0.20 

0 

2 ” 

99 

1.10 

10 

2 ” 

99 

°*55 

T I 

2 ” 

99 

0.40 

12 

1 ” 

99 

0.20 

13 

IS ” 

Room 

0.00 

M 

10 minutes 

Boiling 

O.IO 

l S 

1 hour 

99 

o-i 5 

16 

1 ” 


0.20 

17 

8 ” 

99 

0.30 

18 

1 ” 

99 

0.20 

Total HC 1 extracted by water 


7.20 

Extracted by boiling with NaOH 


7.09 
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as a means of detecting impurities on the charcoal can be judged from the fact 
that large quantities of acids can be irreversibly adsorbed on the charcoal, 
leaving no detectible amount of acid in solution. In fact the charcoal will even 
adsorb acid from a slightly alkaline solution of KC1, 4 and it requires more than 
one extraction with a considerable excess of alkali at boiling temperature to 
extract all the adsorbed acid. From the data in Table VII it is evident that 
equilibrium at room temperature left no acid in solution. At boiling tempera¬ 
ture, however, there was an appreciable quantity in solution. The amount of 
acid removed with each extraction was dependent, not upon the length of time 
the charcoal was boiled, but upon the temperature at which it was filtered. 
In fact it is considerably more efficient to extract the acid by percolating 
boiling water through the charcoal, thus preventing the establishing of equilib¬ 
rium. This, however, is not to be recommended as a reliable method for re¬ 
moving adsorbed acids, except possibly for removing the bulk of adsorbed acid 
from a small amount of charcoal. In the experiment summarized in Table 
VII, 14.34 cc. of 0.02 N HC1 was (at room temperature) irreversibly adsorbed 
on 2.3 g. of charcoal. This furnishes some idea of the quantity of even a 
slightly adsorbed acid that can be adsorbed without leaving detectible amounts 
in solution. 

That oxides do exist on the surface of the charcoal seems certain from the 
well known fact that when oxygen is adsorbed on charcoal it is not recoverable 
as desorbed oxygen but as C0 2 at lower temperatures and as CO at higher 
temperatures, and that the heat of adsorption of small amounts of oxygen on 
charcoal is much higher than that of larger amounts. On the other hand, it is 
not so easy to determine definitely the form in which these oxides exist on the 
charcoal. Kruyt’s idea of intermediate products of mellitic acid seems plau¬ 
sible, for his charcoal, as pointed out above, does have properties in common 
with charcoal carrying strongly adsorbed complex organic acids. 

The idea of basic oxides of carbon does not seem so easily accepted in any 
case and it is rather difficult to understand why such a basic oxide as Schi- 
low’s B should react with IIC1 but not with benzoic or succinic acids 16 when the 
fact is that the latter are much more strongly adsorbed by charcoal than is 
hydrochloric acid. 

Additional evidence of the existence of acid oxides of carbon was dis¬ 
covered in the course of the study in this laboratory of methods for the quanti¬ 
tative removal of adsorbed acids from charcoal. An attempt was made to re¬ 
move the acids by electrodialysis. The following results were obtained: 

1. Charcoal heated at 1075°C. (not electrodialyzed) did not adsorb alkali. 

2. Charcoal after elect rodialysis did not adsorb alkali. 

3. Adsorbed HC1 was quantitatively removed by electrodialysis. 

4. Charcoal from which adsorbed HC1 had been removed by electrodialy¬ 
sis did adsorb alkali. 

5. Carbon dioxide appeared in both anode and cathode chambers during 
electrodialysis. 

While it was expected that the adsorbed hydrochloric acid would be re¬ 
moved by electrodialysis it was surprising to find that the charcoal after re- 
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moval of the acid was still able to take up alkali. This was quite contrary to 
the behavior of the charcoal after adsorbed hydrochloric acid had been re¬ 
moved by other methods. The appearance of relatively large quantities of 
CQ* in both anode and cathode chambers during the process of removal of the 
acid was unexpected. Further investigation will have to be made to elucidate 
the factors involved, such as the nature of the electrode and membrane ma¬ 
terials, and the voltage applied. It is not easy to explain the fact that the 
charcoal through adsorption and removal of HC 1 by eleotrodialysis should 
acquire the ability to take up alkali. These and many more perplexing facts 
must await further work before they can be satisfactorily explained. 

Summary and Conclusions 

1. A brief survey of recent trends and developments in studies on adsorp¬ 
tion of electrolytes by ash-free charcoal has been presented. 

2. Data have been presented which indicate that negative adsorption of 
alkali decreases with length of time the charcoal is in contact with the solution. 

3. Data have been presented which show that charcoal must be heated at 
approximately 1000° or above to produce negative adsorption from solutions 
of sodium hydroxide. 

4. Quantitative data have been presented illustrating the practical im¬ 
possibility of removing even a feebly adsorbed acid such as hydrochloric from 
charcoal by repeated extraction with boiling water. 

5. Adsorbed hydrochloric acid can be quantitatively removed from char¬ 
coal by electrodialysis. 

6. No one theory alone seems capable of explaining satisfactorily all the 
known facts of adsorption of electrolytes by adsorbent charcoal. 

East Lansing , Michigan. 
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THE REMOVAL OF SULPHUR COMPOUNDS 
FROM PETROLEUM DISTILLATES 


BY HARRY N. HOLMES, A. L. ELDER, AND NORVIL BEEMAN 

Sulphur removal has always been recognized as a problem of great impor¬ 
tance in the petroleum industry though it may not be as serious as at one time 
thought. Consultation of the literature will reveal a wide range of materials 
which have been used either as chemical reagents or as adsorbents to bring the 
sulphur content of petroleum distillates within the 0.10% limit of the federal 
government’s specifications. The chief chemical reagents for sulphur removal 
are: sulphuric acid, chlorine and the hypochlorites, liquid sulphur dioxide, and 
lead plumbite. The principal adsorbents include: fuller’s earth, charcoals and 
activated carbons, clay, bauxite, alumina, and silica gel. On the whole the ad¬ 
sorbents are also excellent clarifiers and it is probably in this r61e that they 
find, in general, their greatest usefulness. 

Silica Gels 

Of all the adsorbents, silica gels properly treated, seem to be the most ef¬ 
fective both as desulphurizers and as clarifiers. Their advantages lie in the 
fact that they do not remove such a high percentage of unsaturates or “anti¬ 
knock” material as does sulphuric acid. 

On page 366 of the Handbook of Petroleum 1 there is shown the following 
graph, Fig. 1, to illustrate the effect of sulphuric acid treatment upon a distil¬ 
late containing about 0.87^ sulphur. One curve shows the effect of different 
concentrations of sulphuric acid in pounds per barrel in lowering the sulphur 
content, while the other shows the loss in volume (largely unsaturates) which 
accompanies this treatment. Thus with 20 lbs. per bbl., for example, the sul¬ 
phur was reduced from 0.87(7 to 0.33(7, but this treatment caused a volume 
shrinkage of 8(7 to 9%; with 30 lbs. per bbl, the sulphur was reduced to 0.25% 
but with a i4 (r { loss; with 40 lbs. per bbl., sulphur was reduced to 0.19% with 
a 20(7 loss. Heavy sulphuric acid treatment causes not only volume loss but 
lowers the anti-knock quality as well. 

The same handbook gives on page 367 an estimate of the loss of anti¬ 
knock materials which accompanies the loss of unsaturates: 

8 lbs. H2SO4 decreases the anti-knock value 4.2% 

20 lbs. ” ” ” ” ” ” 10.6% 

30 lbs. ” ” ” ” ” ”• 21.2% 

40 lbs. ” ” ” ” ” ” 25.5% 

1 Handbook of Petroleum, Asphalt and Natural Gas. Bulletin No. 25, Kansas City 
Testing Laboratory. 
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Experimental work with silica gel as a desulphurizer has been reported 
upon by Youtz and Perkins, 1 Borgstrom, Bost and Mclntire, 2 Waterman 3 
(who in two treatments with 54% silica gel decreased the sulphur content of 
a Persian oil 20%), Challenger 4 (who calls attention to the fact that silica gel 
removes only some sulphur compounds from mineral oils), Holleman, 5 Koets- 
chau 6 (with a review of the literature), Miller 7 * 8 (with description of an oil re¬ 
fining plant using powdered silica gel), Waterman and Perquin, 9 Waterman 
and Tussenbroek, 10 Wood 11 * 12 (who studied the removal of sillphur and sulphur 
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compounds from naphtha and found silica gel better than fuller's earth and 
alumina), Gladys K. Woodward 13 (who found that from a naphtha solution a 
commercial gel removed i8 f ( and a Holmes' gel 37° c of the sulphur), and 
Bosshard and Wildi 14 (who suggest that in treating lubricating oils the coloring 
matter may be removed by a preliminary treatment with gels having coarse 
pores followed by gels with finer pores for sulphur removal). 

The Sulphide-Coated Gels 

Although ordinary silica gel, activated but otherwise untreated, is a good 
remover of sulphur compounds from petroleum oils, the senior author early 
planned to use silica gel coated with metallic sulphides. 

1 Ind. Eng. Chem., 19 , 1247 (1927). 

* Ind. Eng. Chem., 22, 87 (1930). 

* J. Inst. Petr. Tech., 11, 576 (1925) 

4 Ind. Chem., 2, 445 (1926). 

1 Chem. Weekblad, 21, 187 (1924). 

• Chcm.-Ztg., 48 , 497 and 518 (1924). 

7 Oil and Gas J., 23 , 104, 151, 158 (1924). 

■Trans. Am. Inst. Chem. Eng., 15 , 241 (1923). 

• Brennstoff Chem., 6, 255 (1925). 

10 Brennstoff Chem., 9 , 397 (1928). 

u Oil and Gas J., p. 146, Feb. 24, 1927. 

“ Ind. Eng. Chem., 18 , 169 (1926). 

u Ind. Eng. Chem., 21, 693 (1929). 

14 Helv. China. Acta, 13 , 572 (1930). 
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It might be thought that PbS, CuS, etc., freshly prepared and activated 
could serve alone without the support of a gel structure. This was tried in the 
Johns Hopkins Laboratory 1 and it was found that “ethyl mercaptan was 
readily removed when shaken with amorphous cupric, lead, stannic, cadmium 
and arsenious sulphides. Cupric sulphide was immediately affective as an 
adsorbent for the removal of secondary amyl mercaptan/’ It would have 
been more interesting if this work had been done on an actual petroleum dis¬ 
tillate from which the sulphur compounds are almost always less readily re¬ 
moved than a comparatively simple mercaptan. One of us (A.L.E.) working 
with a cracked California distillate was able to get only a negligible sulphur 
removal with precipitated and activated CuS. The conclusion reached was 
that CuS without the support of the gel did not offer a sufficiently large area 
of active surface for the appreciable removal of sulphur compounds commonly 
found in cracked petroleum distillates. 

The Silica Gel Support 

The gel used as a support for the sulphide coating was that known col¬ 
loquially in this laboratory as “white gel” or “gel from iron.” Instead of pre¬ 
cipitating the silicic acid gel from water glass by the addition of HC1,* gel is 
prepared by stirring together intimately dilute solutions of FeCL and sodium 
silicate in such proportions as to give a mixture neutral to litmus. 2 * 8 Time is 
given for the gel to set and drain. It is then broken into lumps and allowed 
to dry to about 45% water content when it is bottled to synerize for a few days. 
The “red gel” resulting, actually a molecular mixture of the hydrated oxides of 
iron and silicon, may itself be activated and used as an adsorbent. 

However, the support we employed for sulphides was not the “red gel” 
but the “white gel.” To obtain the “white gel” from the chocolate-brown 
material, the “wet-heat treatment” is given with hot qN H 2 S 0 4 . This re¬ 
moves the ferric oxide leaving when dried at 150° to 200° a white porous prod¬ 
uct of slightly hydrated silica. 

This particular “wet-heat treatment” produces a gel of the “medium 
vitreous” type and which was found by Koss 4 to be, when coated with CuS, 
the most efficient sulphur remover of all the similarly coated gels with which 
he worked. In contrast to this it might be pointed out that Holmes and Elder 6 
found that the benzene-adsorption capacity of the Holmes’ “chalky gel” was 
far greater than the vitreous and glassy type. As has been pointed out, the 
“wet-heat treatment” provides an excellent means of securing any desired 
capillary size from the “vitreous” which has the appearance of broken china 
with capillaries averaging 8 to 10 m/x in diameter, to the “chalky,” which pos¬ 
sess a soft, easily powdered structure with capillaries from 10 to 20 m/x. The 

* U. S. Pat. 1,297,724 by Silica Gel Corporation. 

1 Ind. Eng. Chem., 21, 1033 (19^9). 

* Ind. Eng. Chem., 17 , 280 (1925). 

* Ind. Eng. Chem., 18 , 386 (1926). 

4 Master’s Thesis, Oberlin College, May (1931). 

* J. Phys. Chem., 35 , 82 (1931). 
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commercial gel of the Silica Gel Corporation is of the hard, glassy type with 
capillaries approximately 4 to 5 mpi in diameter. 

In general the higher the water content before the “wet-heat treatment” 
and the higher the temperature of the water or the acid of the “wet-heat 
treatment,” the larger the capillaries. 

The Sulphide Coating 

Various methods of securing uniform deposits of finely divided metals, 
metallic oxides and sulphides throughout porous solids have been investigated 
in this laboratory. 1 The best CuS coating is secured by soaking the “white 
gel,” obtained by a 45 < %-6o° “wet-heat treatment,” in a solution of CuS 0 4 , 
draining off the excess CuS 0 4 , drying for about two hours in nitrogen or C 0 2 , 
cooling to o° and saturating with H*S gas, washing and drying up to 200° in 
in an inert gas such as nitrogen or C 0 2 . Free sulphur is always formed in the 
gel in this process and it must be removed before the gel can be used as a 
desulphurizes 

The possible source of the sulphur found in the CuS coated gel at this 
stage in its preparation may be H s S or CuS both. The H 2 S may be cracked 
on the gel surface, or it may be so strongly adsorbed by the CuS coating that 
even repeated washing does not remove it. In the latter event, it is left to be 
cracked later when the gel is heated for activation. 

That it is possible for H*S to be strongly adsorbed by CuS was pointed out 
in 1892 by Linder and Picton 2 and more recently by Kolthoff.* There is little 
reason to suppose that CuS should hold H 2 S more strongly than other sul¬ 
phides, PbS and CdS, for example. As a matter of fact PbS coated gel and 
CdS coated gel may both be washed until free from sulphide ions. When 
heated in nitrogen neither washed product gave the slightest evidence of free 
sulphur. We are forced to turn then to the other possible source, the CuS 
itself. 

It is well known that CuS breaks down at red heat in the absence of air 
into CutS and free S, and that the Cu 2 S is stable over a wide range of tempera¬ 
ture. This decomposition probably occurs to a limited extent at lower tem¬ 
peratures. When the gels were heated in exactly the same manner the CuS 
gave a sulphur deposit upon the tube walls while the PbS and CdS coated 
gels did not. 

Activation and Use of Adsorbents 

When the CuS coated gel is heated any free sulphur formed is driven off 
and activation is accomplished by the same process and at the same time. 
As might be expected the time period and the temperature at which the acti¬ 
vation is carried out has a profound influence upon the efficiency of the gel as 
an agent for removing sulphur compounds from petroleum oils. 

In the investigation of activation temperatures a series of experiments 
was run with different types of gels, 10-20 mesh, on an untreated California 

1 Colloid Symposium Monograph, 6, 283 (1928). 

* J. Chem. Soc., 61 , 120 (1892). 

* J. Phys. Chem., 36 , 861 (1932). 
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cracked distillate* containing 0.363% sulphur. The procedure with each gel 
was to shake 3 volumes of the gel with 5 volumes of the distillate for 1/2 hour, 
decant off the oil, centrifuge it, filter, and analyze by the sulphur lamp. The 
main purpose of these experiments was to determine the activation temperature 
with each gel which gave the maximum sulphur removal. It would probably 
be unwise to draw conclusions from this series as to the relative superiority of 
one type of gel over another, because the original gels from which these were 
prepared differed one from the other in water content and other respects. It 



Fig 2 

Effect of Activation Temperature upon Sulphur Removal 
Curve 1 CuS coated gel, activated m nitrogen 
Curve 2 “Red gel” activated in air 

Curve 3 “Red gel” kerosene treated, activated in nitrogen 
Curve 4 “Red gel,” kerosene treated, activated in air 

would have been interesting, for the sake of comparison, had the gels all come 
from a common source, but this was not so and the reader must be warned 
against drawing unwarranted conclusions. 

Curve 1 of Fig. 2 is that of a CuS coated “white gel” which had been given 
a “wet-heat treatment” of 42.2%~6o°. The gel was activated two hours with 
slowly rising temperature in an electric tube furnace in a stream of nitrogen. 
For each activation the gel was placed in the furnace at room temperature, the 
air swept out by nitrogen, and the electric current turned on. The temperature 
was measured with a thermocouple. It is observed that the maximum on the 
curve falls on the 450° ordinate with a removal of 26.6% sulphur. To the left 
of the maxim um the curve in reality drops below the horizontal axis (not shown 
in the figure) because at these lower temperatures the sulphur formed by the 
decomposition of the sulphide is not all driven off, with the consequence that 

* The California distillates used in this work were furnished through the courtesy of the 
Universal Oil Products Company, Chicago, Illinois. 
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the distillate actually dissolves the sulphur during treatment, and, instead of 
removal, there is an actual increase in sulphur content of the oil. To the right 
of the maximum the curve again falls off rapidly but never to a zero removal. 
This drop to the right may be explained in part by the change of the CuS to 
Cu*8. Each point through which the curves are drawn is an average of two 
or more determinations and in some instances a half dozen or more. The gen¬ 
eral shape of the curve was confirmed by subsequent work and there can be 
little question about the location of the maximum. 

A study of this curve and a consideration of the facts brought out in con¬ 
nection with the discussion of the presence of free sulphur in the gel, suggested 
that a vacuum activation at lower temperatures would prevent to some extent 
the decomposition of the CuS and at the same time make removal of the sul¬ 
phur possible at lower pressures and lower temperatures. This was done and 
the best and most consistently high removals of sulphur from gasoline were 
obtained by CuS-coated gels activated in this manner. The gels were heated 
in nitrogen at a pressure of 2.0-2.5 cm at temperatures ranging from less than 
200° to about 3oo°(\ Over the range between 225 0 and 270° the best results 
were obtained. Gels treated in this manner removed more than 30% of the 
sulphur. 

The other curves in Fig. 2 have to do with the same distillate but treated 
with different “red gels,” though the proportions, time of treatment, etc., 
were in general the same as with the CuS-coated gel. Curve 2 is that of a “red 
gel” activated in air. With this gel the maximum sulphur removal occurs 
with an activation temperature of about 275°C at which 27.6% of the sulphur 
was removed from the distillate. 

Curve 3 is for another “red gel” but with the difference that it was dried 
below 200° l)cfore activation, soaked in kerosene for a day, drained, and then 
activated in a slow current of nitrogen. Here the maximum is the average re¬ 
moval of 26.2% and falls on the 300° ordinate. Similarly Curve 4 is for a “red 
gel” kerosene-treated but activated in a current of air. The maximum repre¬ 
sents a removal of 24.8% when the gel was activated at 29o°C. 

Duplication of these curves is not difficult when the preparation of the gels 
is carefully controlled, that is, when the water content of the original gels is 
always the same before “wet-heat treatment,” and the activation carried out 
each time in exactly the same way. 

The Sulphur Lamp 

The sulphur analyses were made with the A.S.T.M. lamp. From time to 
time in recent years several changes have been proposed in this lamp for the 
purpose of increasing the accuracy and of making it more generally useful in 
the analysis of various grades of oil. Some of these more recent suggestions 
have come from: Wood and Mattox 1 with a cooling device for regulating the 
flow of oil, thus rendering it more satisfactory for both heavy and light oils; 
Edgar and Calingaert 2 with a metal collar to radiate the heat away from the 

1 Ind. Eng. Chem. Anal. Ed., 2, 24 (1930). 

1 Ind. Eng. Chem. Anal. Ed., 2, 104 (1930). 
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flame and a porous fritted glass disc in place of the beads in the adsorption 
tube; from Luis Bermejoy Vida 1 making use of a long quartz combustion tube 
in which the sample is placed after being soaked up in absorbent cotton and 
said to give results equal to or a little higher than the bomb; and Formanek 2 
with an improvement on the apparatus of Engler-Heusler permitting a larger 
flame, faster burning of the oil, and better absorption of the sulphur oxides. 

The form used in this laboratory during 1931-32 is shown in Fig. 3. The 
essential difference from other forms lies in the sliding glass collar which makes 
possible a quick adjustment of the flame. 

This glass collar is held in place by the 
radiator of sheet brass which in turn is 
held by two spring clamps to the wick 
tube of the lamp. At first, our method of 
analyzing heavy oils was the somewhat 
doubtful one of diluting with a good grade 
of gasoline before placing it in the lamp, 
but later the lamps were fitted with a 
small “pilot flame” which burned sulphur- 
free alcohol. A small test tube holding 
the alcohol, stoppered with a slotted 
cork carrying a long wick tube was 
clamped in such a way as to bring a small 
alcohol flame to the wick of the sulphur 
lamp. This auxiliary flame served to 
steady the burning by warming the heavy 
oil just at the proper place and by re¬ 
ducing appreciably the formation of 
tarry crusts over the end of the wick. 

Some idea of the accuracy obtained 
by the lamp may be given by saying that 
m ordinary routine analyses of gasolines 
the variation of any one determination 
from the average of a triplicate run did 
not exceed 4/ ( of the total sulphur except 
when unusual difficult ies were experienced, 

such as excessive gumming or encrusting of the wick. The amount of oil 
burned for each determination was approximately one gram, determined by 
taking the difference in weight of the lamp before and after burning. 

It was thought that some of the inaccuracy of the lamp might be due to the 
fact that not all sulphur was burned to SO3. If burned only to SO2 instead of 
SOjmore acid would be required in titration and this would give an apparently 
lower sulphur content in analysis. In order to get some evidence at this point 
an investigation was made of the amount of SO* converted into S 0 8 during the 
burning in the lamp of a solution of S 0 2 in a sulphur-free alcohol. The SO* was 



Sections of Flame-cooling Device for the 
Sulphur Lamp 


1 Ch mie et Industrie, Special No., 189-95, March, 1930. 
* Chem. Obzor, 6, 36 (1931). 
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taken from a small lecture table cylinder of the gas. After the burning the sul¬ 
phites which were formed by reaction between the SO* and Na*CO* were de¬ 
termined by iodine titration. If only S 0 8 and no SO* had passed over into 
the NaCOi we would have: 

In the absorption tube: 

fa) SO* + H *0 + Na*CO* (excess) 

Na*CO a (remaining)* + Na 2 S 0 4 + H*CO*. 

In the titration with acid using methyl orange: 

(b) Na*C0 3 (remaining) * + 2 HC 1 ^ 2NaCl + H*CO*. 

If only SO* and no S 0 8 we would have, on the other hand: 

In the adsorption tube: 

(c) SO2 + H 2 0 + Na*C 0 8 (excess) 

Na 2 C0 3 (remaining) * + Na 2 S 0 8 + H*C 0 8 

In the titration: 

(d) same as (b) 

(e) Na 2 S0 8 + HC1 NaCl + NaHSO* and then a 
slight excess of acid would give the end point with the 
indicator. 

Now it was found by analysis of the solution in the absorption tube that 
about go r ! of the SO* had been converted into S 0 8 leaving 10 °/ c unchanged. 
An examination of the equations involved makes it plain that except for equa¬ 
tion (e) the amount of acid required in a titration would be the same whether 
the gas were SO* or S 0 8 . But if 10^ is S 0 2 , since in accordance with equation 
(e) the sodium sulphite would act with methyl orange as a mono-acid base, 5% 
more acid would be required to give the end point and the analyst would re¬ 
port 95* ( of the sulphur present. 

It is interesting to note that Wood and Mattox with their modified lamp 
accounted for 92' < to 95' { of the sulphur (as carbon disulphide) present in 
gasoline and kerosene, and that Edgar and Calingaert accounted for 95.7% in 
pure heptane. 

Results with Sulphide-Coated Gels 

1. Sulphur from Gasoline. One of us (A.L.E.) working with a gasoline 
which contained 0.597^ sulphur, treated it with several different sulphide- 
coated “chalky” gels and obtained the results tabulated below. Three volumes 
of the gel were shaken for 1 hour at room temperature with 5 volumes of 
gasoline: 


Gel coating 

% S after 
treatment 

S removal 

MnS 

0.430 

12 

PbS 

0.479 

20 

FeS 

0.447 

25 

AgiS 

0.430 

28 

CuS 

0.405 

32 


• For the sake of simplicity this is left as NatCO*, but of course it would be largely the 
bicarbonate formed in the presence of CO* during the combustion of the oil. 
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It is seen from this that CuS-coated gel is more effective as a sulphur re¬ 
mover than any of the others mentioned. 

2. Thiophene from Gasoline. From a solution of 0.597% thiophene by 
weight in a very good quality of gasoline 34% was removed by treatment with 
CuS-coated chalky silica gel at a temperature of — io°C, while PbS-coated gel 
removed only 24%. When the temperature was lowered still more by cooling 
with CO* snow the removal with CuS gel was 42° ( and with PbS 32%. 



Sulphur Lamp Assembly for Heavy Oils 

(A.L.E.) This increased removal at the lower temperature strongly indicates 
adsorption as a part of the removal action. 

It is rather to be expected that removals are generally a combination of 
adsorption and chemical reaction. For some compounds adsorption predomi¬ 
nates. 

3. Sulphur from Shale Oil. Thick viscous oils have a tendency to cover 
the outside of the gel particles and thus block the capillaries and prevent free 
access of the oil to a large part of the active surface of the gel. To meet this 
problem our shale oil was fractionated and the fractions worked with sepa¬ 
rately. The lighter the fraction the more easily was the sulphur removed, but 
even with these lighter fractions gumming of the gel was a source of trouble and 
the sulphur removals small. 

A fraction boiling between 2 5o°C and 3oo°C was treated for one hour by 
shaking with CuS-coated gel in the ratio of 3:5, by volume of gel to oil, and 
the sulphur content was reduced g.S c / ( . On the other hand, a fraction boiling 
between 3oo°C and 35o°C showed no removal with the same treatment. But 
this same fraction after a preliminary treatment with 6 grams anhydrous 
Aid* per 100 cc. oil gave a total removal of 10.3% when followed by treatment 
with CuS-coated gel. 
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An entirely different fraction, 
treated as follows: 


boiling between 2oo°C and 25o°C, 
Followed by_ 


was 


Preliminary treatment Total % 


Reagent 

i /c removal 

Reagent 

removal by both 

CuS gel 

nil 

— 

— 

Ain, 

nil 

CuS gel 

9 9/t 

h,so 4 

1 9 e /( 

CuS gel 

13 ?% 

“Rod Gel” 

0 7 ( /< 

CuS gel 

16 s‘/c 

In reviewing all the work with shale* 

oil it can 

bo said that preliminary 


treatments in general averaged less than s< ( removal. These preliminary 
treatments, however, evidently removed substances which interfered with the 
effectiveness of the CuS-coated gel, for when followed by a treatment with the 
gel letter removals were obtained than with the gel alone. The above table 
is presented to show the general tendency discovered, not to claim decimal 
point accuracy for the results obtained. 

Freshly fractionated shale oil was generally light in color but darkened 
rapidly with age. After a time a gummy sludge invariably settled out. 

4. Use of Regenerated CuS-coated Gels with Gasoline. A CuS-coated gel, 
10- 20 mesh, which had previously removed about 2$ c \ sulphur from an un¬ 
treated distillate, was recovered by heating in nitrogen gas at a temperature 
of 2 75°C. It was then again used in the treatment of a fresh sample of the 
same distillate and found to remove 25.4^ sulphur. Another CuS-coated gel, 
powdered to 50 mesh, was recovered in the same manner and found to take 
2Q.Q r ; sulphur from a fresh sample of the distillate. 

Regeneration by roasting in the air was also tried, since this, if feasible, 
would be somewhat cheaper on an industrial scale than regeneration in nitro¬ 
gen or carbon dioxide. But the roasting would have to be so carried out that 
the CuS did not oxidize excessively. It was very interesting to discover that 
the heating of a to to 15 gram sample of once-run CuS-coated gel in an open 
dish until it catches fire and burns off without further external heating makes 
just about the right combination of length of time and height of temperature. 
The temperature rises in such a roasting to 38o°C or 4oo°C but that tempera¬ 
ture is maintained only for a few minutes. Larger samples would probably 
heat up more, especially if stirred during the burning off. Some of the once- 
run CuS-coated gel, 10-20 mesh, mentioned above, was thus heated in an open 
dish and as soon as the flame had died out and the gel cooled somewhat, was 
used in the treatment of a fresh sample of distillate with the result that 28.2^ 
of the sulphur was removed. It was similarly reactivated again and upon the 
third treatment of a fresh sample there was an average removal of 27.3%. 

These re-runs with re-generated gels are significant in that they point to 
the recovery and re-use of the gels a number of times before they become ex¬ 
hausted. Even after use and recovery two times, when the re-generation was 
by a method calculated to be very severe upon the gel, little deterioration was 
shown, for on the third run almost as much sulphur was removed as before. 
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Results with a Silica Gel 

The uncoated silica gel, i.«\, the “white gel,” was found to have a powerful 
adsorbing action for sulphur compounds in gasoline but on the whole was not 
as good a sulphur remover as the CuS-coated gel. The vitreous type of silica 
gel removed sulphur better than the very chalky, but a semi-chalky gel was 
the best of all. 

A “white gel” which had been given a preliminary treatment with kerosene 
after activation was the most satisfactory of the “white gels” for sulphur re¬ 
moval. (A.L.E.) Thus a gel of the vitreous type was shaken with a distillate 
containing 0.76% sulphur. The ratio of gel to oil was 3:5 by volume and the 
period of treatment one hour. The removal obtained was 32^. But when 
this gel was given a preliminary kerosene treatment the removal was increased 
to 4 o °/ ( , one of the highest single removals with kerosene-treated silica gel. 
A sample of Patrick’s gel under similar conditions removed 36*,” and after it 
had been given the kerosene treatment removed 37% • (A.L.E.) In another 
treatment of the same distillate with the same ratio of gel to oil, using the 
Holmes’ semi-chalky gel, kerosene treated, the removal was 30°?. The more 
vitreous Patrick’s gel, used in the same way including kerosene treatment, re¬ 
moved 20%. It is evident that the semi-chalky gel with the larger pores re¬ 
moves sulphur from gasolines more efficiently. (A.L.E.) 

Results with the Red, Hydrated Ferric-Oxide-Silicon-Dioxide Gel 

A vitreous type of “red gel” prepared from sodium silicate and ferric chlo¬ 
ride in such proportions as to be neutral to litmus, was the type of this gel most 
favored for sulphur removal. (A.L.E.) 

A California distillate containing 0.76% sulphur treated for 1 hour at room 
temperature with this neutral type of “red gel,” in the ratio of 3:7 gave a re¬ 
moval of 14%, while another in the ratio of 3:5 removed 23%. This latter, 
after a preliminary treatment with kerosene, was much improved and re¬ 
moved 27%. Other “red gels,” after receiving the kerosene treatment, re¬ 
moved sulphur from gasoline as follows: one in the ratio of 1 \2 after a 4 hour 
shaking with the sample removed 24%, another in a 2:3 ratio and a 3 hour 
shaking removed 2 7%. In all these preliminary treatments of the gel, kero- 
vsene proved better than gasoline or any light oil. (A.L.E.) 

It was noted that lower fractions of refined and redistilled kerosene did not 
do as well as the higher in the matter of sulphur removal. This lends support 
to the idea that oil used for this preliminary treatment must be of sufficiently 
high boiling point to drive off water adhering to the gel surface. Dunstan, 
Thole and Remfry 1 have pointed out in connection with their experiments 
with bauxite that if air is admitted to the freshly activated bauxite it becomes 
less active. This same thing may be said here in connection with the gels. 
The oil may not only drive off water but may prevent or delay adsorption of 
moist air on the gel surface. 

1 J. Soc. Chem. Ind., 43 , 127 T (1924). 
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Double Treatments; Combination Treatments 

By double treatment is meant the further treatment of the same, already 
treated distillate by a fresh sample of gel. Double treatments of shale oil have 
been reported upon in the paragraph on “Sulphur from Shale Oil.” Double 
treatments of gasolines follow here. 

One of the best results from double treatment was obtained with a vitreous 
“white gel” of 20 mesh on a California distillate containing 0.76% sulphur 
when 50 cc. of the gel were shaken with ioocc. of distillate and then allowed to 
stand for 12 hours. Upon analysis this treatment was found to remove 24% 
of the sulphur. A second treatment of this once-treated distillate in exactly 
the same manner with a fresh sample of gel gave a further removal of 21%, 
or a total by the combined treatments of 55%. This was repeated and the 
average of the two sets of double treatments came to 47%. (A.L.E.) 

Color Removal 

The “red,” “white,” and CuS-coated gels all remove color very well. 
The concentration ratio of 3 volumes of gel to 5 volumes of distillate can al¬ 
ways be counted upon to remove about gs c c of the color by shaking them to¬ 
gether for Yi hour. 

The best color removal obtained was with a “white” gel which had re¬ 
ceived a preliminary treatment with oleic acid. This gel in the ratio of 2 .*5 re¬ 
moved all the color from a California distillate when shaken for 1 hour. (A.L. 
K ) “Red gel” is also a very effective color remover, both kerosene treated and 
untreated as 3 volumes of “red gel” shaken 1 hour with 5 volumes of distillate 
removed gc/ ( of the color. (A.L.E.) 

Regenerated gels, both “red” and CuS-coated, were found to remove al¬ 
most all the color from brownish yellow gasoline. Samples of these gels re¬ 
generated in an open dish by heating until they caught fire, when shaken for 34 
hour in the ratio of 315, removed 99% of the color. 

Effect of Aging upon Cracked Distillates 

Though this matter has not been investigated thoroughly, it has been ob¬ 
served that the sulphur compounds in cracked distillates undergo change with 
age. The insides of containers become covered with a thin dark deposit and 
the sulphur compounds evidently change in composition or polymerize or be¬ 
come altered in such a way as to show a lower sulphur content upon analysis 
with the sulphur lamp. Variation in results obtained over a period of months 
or years through the use of gels prepared in much the same way is explained by 
this aging of the distillates and change in the sulphur compounds with con¬ 
sequent change in the ease with which the sulphur compounds can be removed. 

Summary and Conclusions 

1. It has been shown that cupric sulphide is superior to other metallic 
sulphides in removing sulphur compounds from petroleum distillates. 
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2. Silica gels, thoroughly impregnated with cupric sulphide, are superior 
to metallic sulphides without the gel support. 

3. The efficiency of the sulphide-coated gels varies greatly with the acti¬ 
vation temperature. 

4. During activation of the cupric sulphide—silica gel free sulphur is 
released, in the formation of cuprous sulphide, and must be driven out by 
adequate heating. 

5. The gels described may be regenerated and used repeatedly with good 
results. 

6. Adsorption methods of sulphur removal do not, like the sulphuric acid 
treatment, cause a heavy loss of valuable anti-knock fuel. 

7. An improved form of sulphur lamp for the oil industry is described. 

Oberlin College , 

Oberlin , Ohio. 



THE STUDY OF GELS BY PHYSICAL METHODS 


BY EMIL HATSCHEK 

The present paper is in the main a record of experimental investigations 
which do not claim to be more than the first steps in two distinct lines of in¬ 
quiry, It seemed to me first of all desirable to gain some insight into the elas¬ 
tic properties of a number of gels other than gelatin, which so far has almost 
exclusively received the attention of investigators and, with the exception of 
the benzyl alcohol gel of cellulose acetate, is the only one for which Young’s 
modulus has been determined for a range of concentrations. A knowledge of 
this constant appears to be indispensable for forming any idea of the structure 
of a given gel, and I have accordingly determined by a method not hitherto 
employed the modulus of agar gel, silicic acid gel and formaldehyde-gelatin 
gel, as well as followed its variation with age. 

In the second place it seemed advisable to study the effect of deformation 
on various physical properties of one gel more exhaustively than has been 
done so far, and to discriminate between the changes brought about by re¬ 
versible and irreversible deformation. Gelatin is most convenient for this 
purpose. The investigation, so far as it has been carried, covers the changes 
produced by both types of deformation in (a) accidental birefringence, (b) 
tensile strength and (c) permeability to a solute, z.e., diffusion velocity in the gel. 

Finally some of the theoretical implications of the experimental findings 
are discussed very briefly. 

The first physical constant of gelatin gels to be measured was Young’s 
modulus. The earlier investigations by Maurer, Bjerken, Fraas and Leick 1 
may be assumed to be generally known. They were undertaken with a view 
to studying the elastic behaviour of a material in which small stresses pro¬ 
duced considerable deformations and optical anisotropy which could be 
readily observed, while it exhibited in addition interesting anomalies; a com¬ 
bination of features which have no doubt secured for the results inclusion in 
the hand-books of physics, like Winkelmann’s. The intensive study which 
gelatin sols and gels have received within the past two decades has produced 
further determinations of Young’s modulus, carried out with somewhat 
different intentions, such as testing the validity of mathematical deductions 
from assumed structures, among which must be specially mentioned those by 
Sheppard and his collaborators 2 and by Poole . 8 

It is a striking illustration of the strength of tradition or of habit that, 
with the exception of Sheppard’s, all measurements have been made on test 
pieces in tension. This is the obvious method for e.g., metals, but in adapting 

1 Maurer: Wied. Ann., 28 , 628 (1886); Bjerken: 43 , 917 (1891); Fraas: 53 , 1074 (1894); 
Leick: Drude’a Ann., 14 , 139 (1904). 

* J. Am. Chem. Soc., 43 , 539 (1921). 

1 Trans. Faraday Soc., 21, 114 (1925). 
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it to gel specimens the earlier workers found some difficulty in clamping the 
ends. This difficulty is now avoided by Sheppard’s method of attaching the 
ends of the specimens to wood blocks—a method used successfully by Poole 
on gels of as low concentration as 3.23%, which could not conceivably have 
been handled in tension by any other method—the application of which is, 
however, obviously confined to gels which adhere to wood. The only one of 
this kind which has so far been investigated, also by Poole, 4 is the benzyl 
alcohol gel of cellulose acetate, which in its general elastic behaviour closely 
resembles gelatin gel. 

It is difficult to see why apparently no attempts have so far been made to 
determine Young’s modulus by compression. The method has obvious ad¬ 
vantages even for adhesive gels, and is applicable to gels which cannot be 
attached to supports or clamped, such as agar and silicic acid gels. Although 
a re-determination of the modulus of gelatin gels is not one of the main objects 
of the work to be described in the present paper, a good deal of it is concerned 
with the changes produced in various properties of gelatin gels by compres¬ 
sion and the method was therefore first tested on such gels. 

The test pieces were cylinders, mostly 31.5 mm in diameter, with plane 
ends, the length not exceeding 1.4 diameters. If the test piece is to keep—very 
approximately—cylindrical under pressure, the plane ends must slide freely 
over the surfaces between which they are compressed. It is difficult— at any 
rate I have found it so—to cut gelatin cylinders, expecially at the lower 
concentrations examined, so that the resulting surface will be really plane and 
will slide freely even over oiled metal surfaces. It therefore appeared desir¬ 
able, and was in any case necessary for the diffusion experiments to be 
described later on, to produce the two plane end faces directly on the castings. 
There is of course no difficulty in obtaining one plane end, by using a cylindri¬ 
cal mould closed at one end by a plate of some material to which gelatin does 
not adhere, but the free surface on cooling sets to a concave meniscus, even if 
the mould consists of a material to which gelatin does not adhere. The 
procedure finally adopted for all cylindrical gelatin specimens was as follows: 
the moulds were lengths of brass tubing cut off in the lathe. One end was 
closed by a shallow flat metal dish in which sufjcient paraffin wax had been 
melted to form a layer about 2 mm deep. The previously warm lengths of 
tube were placed in the dishes which stood on a levelled table and were al¬ 
lowed to cool on it. The moulds were carefully greased with vaseline and 
filled with the gelatin sol at a temperature of 35 to 40°. To avoid meniscus 
formation sufficient liquid paraffin, a few degrees warmer than the sol, to 
form a layer 2 or 3 mm deep is poured on the sol and, like the paraffin wax in 
the bottom, forms a small concave meniscus with the wall. The gel cylinder 
is accordingly bounded by two plane ends at right angles to the axis and the 
two circular edges are rounded off by the menisci. While this makes the 
pressure distribution a little less regular than it would be in the absence of the 
rounding off, these test pieces slide more freely than any cut faces which I 
have ever managed to produce. The mould is illustrated in Fig. 1. 

4 Trans. Faraday Soc., 22 , 82 (1926). 
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The determination of the modulus was carried out in the press illustrated 
in Fig. 2. The top plate A’ was gun metal in one case, and aluminium in 
others, to reduce the minimum load which could be used. It was further 
loaded by “cheeseweights,” viz. small tins filled with shot and weighing 200 
gm each. The press was mounted with the measuring microscope on a common 
levelled base plate. The faces A A 1 were well oiled or vaselined. 

The specimens were loaded, first with the top plate alone, and then with 
successive further loads of 200 gm each and the lengths, either between the 
ends of the specimens, or between Indian ink marks placed near the ends, read 



by the microscope. No intervals were 
allowed for recovery between the read¬ 
ings, which thus occupied a few 
minutes only. The specimens were 
always allowed to age for at least 24 
hours before being removed and were | 
then assumed to be at the temperature 
of the room. The own weight of the 
specimen was not taken into con- Fig 2 

si deration, but E was calculated from 

the true stresses, which were calculated from the known loads per cm 2 of 
original cross-section on the assumption that the volume remained constant, 
so that the cross-section increased in the same ratio as the length was reduced. 

Although the result was hardly in doubt it seemed to me desirable to as¬ 
certain on at least one specimen how the values of the modulus found by com¬ 
pression compared with those obtained in tension. A cylindrical specimen 
2 5 mm dia. and 7 2 mm long was accordingly prepared in accordance with Shep¬ 
pard’s method and a central portion 49.8 mm long (which remained very ap¬ 
proximately cylindrical during extension) marked off for observation. The 
results, as well as those obtained in compression on a specimen 31.5 mm dia., 
cast at the same time and otherwise treated exactly alike, are given in 
Table I. 


The modulus apparently increases with increasing elongation and decreases 
with increasing compression. Whether the increase with tension is that ob¬ 
served by Poole ( 1 . c.) and postulated on theoretical grounds (to which the 
decrease with increasing compression would seem to be a necessary corollary) 
or is the cumulative effect of the small irreversible deformation, need not be 
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Table I 

Young’s Modulus of Gelatin Gel (10 gm gelatin in 100 gm water) by Tension 

and Compression 

(In this and all subsequent tables loads are given in gm, lengths in cm, and stresses and E in 
gm/cm*). 

A. By Tension. (Temp. 17.0 0 ) 


Load 

Length 

Percent of original 
length 

Stress 

E 

0 

4.98 

100 

0 

— 

17-3 

5-05 

101.4 

358 

255 

123.3 

5-48 

110.0 

27.61 

276 

173-3 

5-67 

113.8 

40.17 

291 


B. By Compression. (Temp. 

0 

0 

n 

M 


0 

2.70 

100 

O 

— 

157 

2.50 

92.6 

18.7 

250 

357 

2.27 

84.0 

38.S 

239 

557 

2.06 

763 

54-8 

231 

757 

1.90 

7°-3 

68.9 

230 


discussed, as the exact determination of moduli is not one of the primary ob¬ 
jects of this paper. I have, however, thought it of interest to compare a more 
extensive range of determinations with the values found in the literature and 
have therefore determined the moduli of four gels, respectively, containing 
8, 10, 12.5 and 15 gm of gelatin (dried at 96° and kept in the vacuum desic¬ 
cator until weighing) to 100 gm of water. The figures given below are the 
means of the values found at four loads : 

Gelatin per 100 gm of water 8gm 10 12.5 15 

E in g/cm 2 283 367 480 665 

Temperature 13.o° 

The values are somewhat higher than those found by Leick (l.c.) and by 
Sheppard and Sweet (l.c.), who both worked with hard gelatins. The brand 
I used appears to be exceptionally hard, and has an ash content—0.6% of the 
dry weight—remarkably low for a commercial article. 

Since the examination of gels other than gelatin by compression offers no 
difficulty, it appeared desirable to investigate two gels the mechanical proper¬ 
ties of which, as far as I am aware, have not so far received any attention at 
all: agar gel and silicic acid gel. 

A 5% agar gel was prepared according to the procedure described by 
Hatschek and Humphrey. 6 The (air-dry) agar was soaked in 20 times its 
weight of water, dispersed at ioo° and then kept at about 90° for five or six 
hours. A greyish coagulum is formed, from which a portion of the clear sol 
can be decanted, while the rest can be filtered through a plug of glass wool. 
As agar gel can be cut quite satisfactorily, cylinders were simply cast in a brass 


* Trans. Faraday 80c., 20, Pt. 1 (1924). 
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tube corked at one end; after setting and cooling the cylinders of gel were 
pushed through so as to protrude a few mm and the meniscus cut off. 

As the modulus of $ r /( agar gel turned out to be surprisingly high, only the 
higher loads were used. Two determinations are given below. No high degree 
of accuracy has been aimed at, the object of this investigation being rather to 
determine the order of magnitude of the modulus of gels not hitherto examined, 
as a factor to be taken into account in any theories of their structure. 

4 

Table II 


Modulus of Agar Gel (5 gm in 100 gm water) Cylinder 3.5 cm dia. 


Measured immediately after setting, i.e. f 

about 2 

hours after easting 

I>oad 

Length 

Percent of 
original length 

Stress 

E 

0 

3-598 

100 

0 

— 

321 

3-560 

98.94 

33-o 

3112 

721 

3-494 

97.11 

73-3 

2535 

921 

3-458 

96. I T 

92.0 

2365 

Duplicate specimen, cast at the same time 

afterwards 

as A and measured 24 hours 

0 

3.402 

IOO 

0 

— 

321 

3 ■ 3^4 

98.88 

33 ° 

2946 

5- 1 

3 338 

98.12 

53-i 

2826 

721 

3-304 

97.12 

72.8 

2527 

921 

3.270 

96.12 

92.0 

2371 


The two sets of determinations agree within the limits of experimental error 
and thus establish an interesting difference between agar and gelatin gels, the 
modulus of the former not increasing with time, while it is well known that 
the modulus of the latter does not attain its full value until the lapse of a 
period for which different values are given in the literature, the rate of in¬ 
crease probably depending on temperature to a greater extent than has been 
realized. 

It is unnecessary to discuss at the moment whether the decrease in the 
modulus with increasing stress shown in both the series of measurements can 
be interpreted as evidence of fibrillar structure or is at least in part a conse¬ 
quence of permanent deformation, in which connection it should be mentioned 
that the specimens on removal of the maximum stress recover immediately to 
within about 98^ of their original length. It is well known that water can be 
readily expressed out of agar gels, but with the stresses used and during the 
short time occupied by the whole series of readings no trace of exudation 
could be observed. If the specimen is left under the maximum stress (92 
gm/cm 2 ), a slight dew is visible after 20 to 30 minutes. The 5^ gel will sup¬ 
port a stress of 350 gm/cm 5 without fracture and then loses water rapidly; 
quantitative data, which are ofin terest in another connection, will be given in 
a later portion of this paper. 
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Another gel, the elastic properties of which have received little attention, 
is silicic acid gel, though Prasad 6 has determined the modulus of a silicic acid 
gel (from which increasing quantities of water had been expressed mechani¬ 
cally) by bending a rod of it. For my purpose it was necessary to prepare 
perfect cylindrical specimens, a task of some delicacy. The two following 
procedures proved practicable: (a) the type of mould shown in Fig. i was 
employed, but the brass tube was replaced by a tube of filter paper im¬ 
pregnated with paraffin wax. The reaction mixture of sodium silicate and 
hydrochloric acid was poured in and covered with a thin layer of oil, a sample 
being set aside to allow observation of the setting and syneresis. When the 
gel had become firm the whole mould was placed in benzene which dissolved 
the paraffin in the paper, so that the gel cylinder could, with some care, be 
removed without injury, (b) An ebonite tube, vaselined inside and having 
turned edges, was clamped to a thick glass plate, also coated with vaseline, a 
little rubber grease being applied to the joint from outside to ensure its being 
perfect. The mould was filled as explained and the whole left until the control 
showed syneresis, when the glass plate was slipped off in its own plane, and the 
gel cylinder dropped out of the mould. 

The mixture used throughout was: 35 cc of sodium silicate solution of sp. 
gr. 1.15 into 30 cc of 6 N hydrochloric acid (Si 0 2 content of the.silicate solution 
102.9 gm per L.) The mixture set to a gel— i.e. y the vessel could be inverted 
without the surface of the gel showing any sagging—within 3 hours, and per¬ 
ceptible syneresis appeared after 5 or 6 hours. 

By using method (b) I managed once to obtain a very perfect specimen 
which could be removed from the mould intact and submitted to investigation 
6.5 hours after casting. The whole series is given in Table III to show the 
degree of accuracy attainable: 

Table III 

Young’s Modulus of Silicic Acid Gel 6.5 Hours Old 


Load 

Length 

Percent of 
original length 

Stress 

E 

0 

4. no 

100 

0 

— 

321 

3-948 

96.06 

26.41 

670 

52 i 

3.840 

93-43 

42.91 

653 

721 

3-758 

91.43 

58.11 

683 

921 

3.664 

89.14 

72.37 

666 


Mean 668 

About 10 seconds after the last reading had been taken, the^el was crushed. 
In a further series of measurements the gel was accordingly allowed to age 
longer before removal from the mould, viz., 13 hours. This specimen was also 
very perfect and was used for following the increase of the modulus with age. 
The details of the measurements offer nothing new, and only the mean values 
of E are given in Table IV: 


* Kolloid-Z., 33 , 279 (1923). 



EMIL HATSCHEK 


1*2 


Table IV 

Variation of Young's modulus of silicic acid gel with age 
Age of gel in hours from 

time of casting 13 24 44 85 133 

E 1113 1898 2031 2317 2550 

The gel by the end of this senes of measurements had developed a few cracks, 
and the investigation was discontinued, although the modulus was apparently 
still rising. The values are plotted in Fig. 3, in which the isolated point marked 



X shows the value for the gel 6.5 hours old. It falls fairly on the continuation 
of the curve found for the older gel and is some indication of the reproduci¬ 
bility of the results. 

The gel described in Table V continuously lost liquid by syneresis while 
kept in a saturated atmosphere. The initial and final weights and dimensions 
only are given below: 

Initial Final 

Weight 51.588 gm Length 39.78 mm Weight 43 898 Length 37.46 
Diameter 38.00 Diameter 36.00 

On a further specimen of exactly the same composition two sets of deter¬ 
minations only were made; the results were: E = 806, 8 hours after casting, 
and 2520, 83 hours after casting. Considering the uncertainty of the time re¬ 
quired for setting the agreement with the values in Table IV is satisfactory. 

One further gel, the elastic properties of which had struck me frequently in 
the course of other investigations, appeared to deserve detailed study, viz., 
gelatin gel hardened by formaldehyde. Two cylinders were cast in the usual 
way from sols containing resp. 8 gm and 10 gm of gelatin (dried at 95 0 and 
kept in vacuum desiccator) in 100 gm of water. The moduli of both were 
again determined and found to be 283 and 366, in excellent agreement with the 
previous determinations. The two cylinders were then placed in a closed 
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vessel of about 750 cc capacity, lined with several thicknesses of filter paper 
which was kept moistened with 40% formaldehyde solution. The specimens 
were weighed and the modulus determined at intervals; as copious syneresis 
occurs, the diameters were also re-measured at intervals and the loads per 
unit section recalculated. The results are shown in Table V: 


Table V 

Changes in Gelatin Gels during Hardening by Formaldehyde 


Time in hours 

E 

Weight 

Ratio water/gelatin 


E 

Weight 

Ratio water/gelatin 


8 percent gel 
o 48 82 

283 922 2206 

30.835 28.973 27-975 
12.50 11.70 11.26 

10 percent gel 
366 1379 2296 

29.905 28.321 27.203 
10 9.49 8.97 


103 165 183 212 

2314 2391 2402 — 

27.258 25.714 — — 

10.94 10.27 — — 


2559 47*6 4982 5418 
26.691 25.581 — — 
8.76 8.38 — — 


Both specimens developed small cracks at 183 hours, and the investigation 
was therefore not continued beyond 212 hours. The moduli are plotted against 
time in hours in Fig. 4, and the curves show several striking features, such as 
the rapid initial rise of E, followed by an almost abrupt change to a very slow 
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rate of further increase, and the enormous difference between the io and the 8 
percent gel as regards the absolute values of E. While there can be no doubt 
regarding the general course of the hardening process or the order of magnitude 
of E, the values of the latter are affected by an error due to the change in shape 
which the specimens undergo. As they lose water they do not retain their 
cylindrical shape, but, exactly like specimens drying in air, become barrel 
shaped with convex ends. Although within the range of the present experi¬ 
ments these changes are not too marked, they cannot be altogether allowed 
for merely by estimating (aR has been done) a mean diameter and treating the 



specimen as cylindrical in the calculation of the stress. The values of the 
latter, and therefore of E, are likely to be too small, and with exact values the 
initial convexity of the E-T curves towards the T axis might disappear; the 
curves would then bear a marked resemblance to the curve for silicic acid gel. 

The ratios water: gelatin for both gels are plotted against time in Fig. 5. 

The accidental birefringence of deformed gelatin gels has been known for a 
considerable time, but for the present purpose the only paper in the earlier 
literature to which reference must be made is one by Reiger. 7 He determined 
the relaxation time of gelatin gels by observing the disappearance of double 
refraction at 29 0 —a temperature higher than the melting point of most brands 
of io r ^ gels, and one at which, according to Poole, the value of the Young's 
modulus of even a 24^ gel falls to less than one tenth of the value at 11.5 0 . I 
showed, however, in 1920, 8 that mechanical relaxation may, at ordinary tem¬ 
perature, have become almost complete, while the optical anisotropy remains 
practically unchanged. This can hardly be explained on any assumption 
other than that of a change in structure during the transition from reversible 
to irreversible deformation, and this assumption has, indeed, been made by 
later authors who quoted this result. Poole writes: “The persistence of optical 

7 Physik. Z , t 2, 213 (1901). 

1 Hatacbek: General Discussion, Faraday and Physical Socs. (H. M. Stationery Office, 
1920). 
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strain after the disappearance of all mechanical stress seems capable of ex¬ 
planation by the foregoing theory (p. 132) in that if a molecule be removed by 
solution from a distorted fibril and then replaced by reprecipitation it will 
have given up its share of the stress. In this way when all the molecules in the 
fibril have been replaced the whole of the stress in the fibril will have disap¬ 
peared, but the fibril will still retain its distorted form.” Sheppard and Mc¬ 
Nally say: “It was shown by Hatschek that the optical anisotropy of gelatin 
jellies produced by stress does not decrease with the mechanical relaxation of 
the stress but remains, frequently, at the value corresponding to the first ap¬ 
plication of the stress. Hatschek has pointed out that this must be due to a 
permanent rearrangement of inner structure. This is in agreement with the 
view that gelation involves a condensation of ultimate molecular entities, 
which is followed by reorientation on application of stress.” 

In view of the peculiar character of the optical anisotropy produced by 
deformation it appeared of interest to examine whether gelatin gel under stress 
became anisotropic as regards its mechanical properties, such as the Young's 
modulus or tensile strength. It is of course easy to test these points on speci¬ 
mens which have undergone permanent deformation, and I have shown 9 by 
direct test that the tensile strength of a cylinder which had received a perma¬ 
nent elongation of 4% was over 80% higher than that of a cylinder in the origi¬ 
nal state. No such method is available for discovering possible anisotropy in 
the reversibly deformed gel, and the only way of doing so appears to be the 
observation of the lenticular gas bubbles produced in the gel while stressed. 

I first drew attention to these bubbles in ic;]4 10 and then put the question 
whether the equatorial planes of the bubbles showed any orderly arrangement 
or were orientated at random—a question which I attempted to answer by the 
somewhat laborious procedure of determining the angles of inclination of a 
large number with an orthogonal system of coordinates. The problem fortu¬ 
nately assumed a simpler shape when I returned to it in 1929* and can now be 
stated as follows: We imagine, for the sake of simplicity, a small spherical 
bubble as existing in the isotropic gel and increase the pressure in it. A pres¬ 
sure will be reached when the tensile strength is exceeded and the gel is torn. 
The position of the fracture, i.e., its angles with a system of axes, will be just as 
uncertain as will be the position of the break in a rod broken by tensile stress, 
and it therefore follows at once that if a large number of such bubbles is ex¬ 
amined, their orientation must be a random one. It also follows at once that, 
if the tensile strength should be a minimum in one direction, the gel would be 
split at right angles to this direction, i.e., the equatorial planes of the bubbles 
wiU be at right angles with the direction of minimum tensile strength . As bubbles 
can readily be produced in a gel while it is reversibly deformed, this affords a 
means of discovering possible anisotropy during that period. 

The gels used for these trials consisted of: 10 gm gelatin (air dry), 1 gm 
sodium hydrogen carbonate and 100 gm of water. Cylinders were cast in the 
same way as the specimens for the determination of Young's modulus by 

9 Hatschek: Kolloid-Z., 49 , 244 (1929). 

10 Hatschek: Kolloid-Z., 15 , 226 (1914)* 
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compression. The gas bubbles were formed by allowing the following solution 
to diffuse into the gel: 16 gm glacial acetic acid and 30 gm crystallized sodium 
acetate made up to one litre with water (about 0.26 N in acid and 0.22 N in 
acetate). The acetate is sufficient to repress the swelling due to the acid almost 
entirely: a specimen weighing 22.390 gm before immersion weighed 23.535 gm 
after diffusion was complete, the increase amounting to only 5%. 

Gas bubbles were produced in cylindrical specimens during reversible and 
irreversible elongation and during reversible and irreversible compression. 
The specimens for the latter were, as already stated, cast so as to have plane 
end faces; for permanent deformation they were compressed in small screw 
presses and kept in a saturated atmosphere for 4-7 days. For studying the 



Fig. 6 

Gan Bubbles in (right) reversibly, (left) irreversibly compressed gelatin gel 

effect of reversible deformation the cylinders were compressed between glass 
plates in small wooden or ebonite frames and at once placed in the acid-acetate 
mixture. Fig. 6 shows the orientation of the bubbles during reversible 
(right) and after irreversible compression (left). 

Specimens for tension were attached to beech wood blocks and stretched 
in ebonite frames; for reversible deformation they were at once placed in the 
acid-acetate mixture, while for irreversible deformation they were also kept 
for 4-7 days in a saturated atmosphere, then released from the wood blocks 
and placed in the acid-acetate solution. The results, which have been ob¬ 
tained quite uniformly on a large number of specimens, are as follows: 

In reversibly elongated and irreversibly compressed cylinders the equatorial 
planes of the bubbles are perpendicular to the axis, i.e . 9 the tensile strength is a 
minimum in the direction of the axis. 

In irreversibly elongated and reversibly compressed cylinders the equatorial 
planes of the bubbles are parallel to the axis, i.e. y the tensile strength is a mini¬ 
mum in directions at right angles to the axis . 

The results can be put more generally and without reference to the shape 
of the specimen by saying that during reversible deformation the direction of 
minimum tensile strength is that in which the linear dimension has been in¬ 
creased, and after irreversible deformation that in which the linear dimension 
has been reduced . For both types of deformation therefore the direction of 
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minimum tensile strength during reversible deformation is at right angles 
with that after irreversible deformation. In the interval of time during which 
the deformation changes from one type to the other, therefore, some rear¬ 
rangement of the structure must take place. 

For the moment I will not insist on the difficulty of bringing this result 
into harmony with the optical anisotropy, which remains unaltered during the 
transition from reversible to irreversible deformation. It appeared to me to be 
possible, that deformation, as it obviously causes a rearrangement, might 
sensibly affect the diffusion velocity, z.e., that this might also become different 
in different directions. A series of experiments, which are here published for 
the first time, was therefore undertaken to test this point. 

The principle and technique are again quite simple. If diffusion into a gel 
is allowed to take place through an orifice which may be regarded as a point, 
the boundary of the diffusion zone at any time is a sphere, provided the gel is 
isotropic for diffusion. Should the velocity in different directions become 
different as a consequence of deformation, the boundary surface would be¬ 
come oblate or prolate. As a sharp boundary of the zone is essential, it is 
necessary to use a diffusing solution which produces a precipitate with some 
solute present in the gel. I have found the formation of lead chromate the 
most suitable reaction for the purpose. The gels are made with a 1% solution 
of lead acetate—which incidentally acts as an excellent antiseptic—and a 
concentrated solution of potassium chromate allowed to diffuse into them. 

Cylindrical test pieces with smooth plane ends, cast in the manner de¬ 
scribed earlier in this paper were used. A mask of transparent celluloid about 
1.4 mm thick is squeezed to one end face so as to exclude air, the removal of 
which is easily checked by the absence of total reflection. A countersunk hole, 
1 to 1.5 mm dia. drilled in the centre of the mask serves as the “point” source 
of diffusion: a drop of saturated potassium chromate solution is placed on it, 
care being taken not to trap an air bubble in the hole, and a few small crystals 
of the salt placed in it to keep the solution saturated. 

The arrangement can be used for studying diffusion both during reversible 
and irreversible compression. For the former purpose an ebonite plate having 
a circular opening of 15 to 20 mm diameter is placed over the mask, to give 
sufficient access to the hole when the drop of solution is placed on it, and the 
whole is then compressed in a suitable framework. A diffusion zone of suffi¬ 
cient size can be obtained in about 48 hours in an 8 percent gel: if this were to 
be tak^n out of restraint, it would show an immediate small recovery followed 
by a still smaller one which continues for 24 hours or more. The diffusion zone 
formed during compression would therefore be distorted and, though its 
original profile could of course be found by calculation, a simpler way is to 
place the specimen and the press containing it in an atmosphere of formalde¬ 
hyde, the supply of which can be so regulated that the specimen is hardened 
completely before being taken out. 

Permanently deformed specimens were obtained by compressing cylinders 
in small screw presses kept in a saturated atmosphere for varying periods. 
On removal of the restraint there is an immediate partial recovery, followed 
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by a further one, which is smaller in amount and takes a time of the order of 
24 hours to complete itself. The following figures for cylinders of 9 percent gel 
give an idea of these effects: 

Cylinders of 9% gel compressed to the following fractions of their 

original length 

A B C D 

83.3% 81.3% 77 3 % 74 - 7 % 

Removed from restraint after 48 hours. Percent of original length immedi¬ 
ately on removal 

89.2 87.2 85.9 84.8 

24 hours later 

89.9 90.4 89.6 87.7 

The slight irregularity of the first two values in the last row suggests that the 
time for both the immediate and for the final recovery may be a function of the 
original stress, i.e., the time may have been insufficient for complete recovery. 
The point, while interesting and deserving of investigation, is not material 
to the present enquiry, as the length of compressed specimens was always 
checked at intervals, and diffusion was not begun until it had remained con¬ 
stant for at least 24 hours. 

The results are somewhat surprising or at any rate appeared so to me. 
The diffusion zone both in reversibly and irreversibly deformed gels always is 
perfectly spherical. This was established by the examination of a large number 
of specimens which were cut in half when the diffusion zone, as seen through 
the celluloid mask, had attained a diameter of at least 20 mm. Such a cross- 
section is shown in Fig. 7. 

The gel therefore, as far as the velocity of diffusion in it, or its permeability, 
is concerned, remains isotropic both during reversible and after irreversible 
deformation. 

The effects of deformation on various properties of gelatin gel are therefore: 

1) Gels become optically anisotropic on deformation and remain so while 
the deformation becomes irreversible, the amount and “sign” of the anisotropy 
remaining substantially unaltered while the stress disappears. 

2) Gels become anisotropic in respect of tensile strength, but the direc¬ 
tion of minimum tensile strength during reversible deformation is at right 
angles to that after irreversible deformation. In reversibly deformed gels the 
direction of minimum tensile strength is that in which tie linear dimension of the 
specimen has been incrcased f while in permanently deformed gels it is the direction 
in which the linear dimension has been reduced. 

3) Gels remain isotropic for diffusion both during reversible and after 
irreversible deformation. 

A large number of investigators (Sheppard, Poole, Northrop, Kunitz, 
Lloyd and Pleass) agree in postulating for gelatin a structure consisting of 
fibrils orientated at random and in assuming that the elastic behaviour of the 
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gel is simply the elastic behaviour of such a network, the liquid phase playing 
a part merely in such phenomena as “creep.” As the best test of a hypothesis 
is its application to new phenomena, it will be convenient to examine what 
effect the deformation of such a structure would have on the three properties 
studied byme. 

The persistent isotropy in regard to diffusion velocity is no doubt easiest 
of explanation. It may be taken as established that diffusion in gels of low or 
moderate concentration is not much slower than in the pure dispersion medium; 
if a fibrillar structure is assumed it must therefore be taken to occupy a com¬ 
paratively small portion of the total 
volume. In that case it is easy to under¬ 
stand that deformation would not very 
materially affect the cross section avail¬ 
able in any direction and would accord¬ 
ingly not cause perceptible anisotropy. 

The effects of deformation on tensile 
strength are much more difficult to 
interpret, and it is necessary to discrimi¬ 
nate between reversible and irreversible 
deformation. The former reduces tensile 
strength in the direction of dilatation, a 
result intelligible even without any assump¬ 
tion concerning structure: the material 
is already stretched in that direction and 
the additional tensile stress required to 
cause rupture is smaller. 

The converse effect, that after irre¬ 
versible deformation the tensile strength Fig - 7 

is greatest in the direction of dilatation Diffusion in Cylinder compressed re- 

must be explained in terms of structure men cut through axis and halves placed 

and on the assumption that the tensile together to show the sphericity of tne dif- 
1 * 1 ; . fusion zone 

strength of the gel, like its elasticity, is 

merely that of the fibrillar network. The first point to be remembered is that 
it does not become merely a relative maximum, but that the tensile strength 
of permanently stretched specimens is absolutely greater than that of unde¬ 
formed specimens of equal age. The aggregate cross-sections with a plane 
perpendicular to the stress can hardly be assumed to increase while deforma¬ 
tion becomes permanent: the diffusion experiments, for what they are worth, 
provide evidence that the passage ways remain equal in all directions. It must 
however, be borne in mind that, when a structure consisting of fibrils orien¬ 
tated at random is ruptured by tensile stress, the rupture of individual fibrils 
will be caused by a combination of tensile and shearing stress, the latter pre¬ 
vailing more and more as the angle of the fibril with the direction of stress 
increases. Now the fibrils must be built up of elements, the name and nature 
of which are immaterial at the moment; the simplest general structure we can 
assume is a cylinder built up from equal elements with oblique parallel ends 
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(Fig. 8a). If the joints are easier to shear than the material of the elements, 
it iB obvious that a rotation of the cylinder through 90° (from a to b) will re¬ 
duce its resistance to a shearing stress in the direction of the arrow. The 
assumption that such a rotation occurs is of course purely ad hoc , and is an 
attempt to keep within the theory which ascribes the mechanical properties 
to a fibrillar network, and to suggest a mechanism consistent with the diffusion 
isotropy and easily reconcilable with the unchanging optical anisotropy. 

Before, however, great weight can be attached to such a hypothesis, much 
further investigation of the actual transition from reversible to irreversible 
deformation is required. The gas bubble method gives unambiguous results 

for the two extreme states, and I have 
made many attempts to apply it to the 
intermediate stages. The progress of 
orientation, however, cannot be traced 
except by laborious statistical methods 
which I have not yet found time to 
apply. An interesting question, which 
may be settled incidentally, is the 
following: in the extreme stages the 
gel is, apparently, uniaxial. Does it be¬ 
come biaxial or isotropic at some stage 
during the transition? Since the axes of minimum strength in the extreme 
states are at right angles to each other, either case would seem to be possible. 

It is convenient to discuss at this point the gelatin gel hardened by for¬ 
maldehyde. The specimens examined contained initially 8 gm and iogmof 
gelatin to 100 gm of water, and the moduli were 283 and 366 gm/cm. 2 After 
165 hours the moduli had increased to 2391 and 4716 gm/cm. 2 During this 
time both gels had lost water, and comparison between the natural and hard¬ 
ened gel must be based on the gelatin content of the latter at the time of 
measurement. The ratios: water/gelatin after 165 hours were 10.27 and 8.38 
resp., and the moduli of gels of natural gelatin of these concentrations, ob¬ 
tained by graphical interpretation from the data previously given are 355 and 
452 gm/cm. 2 By the reaction with formaldehyde the modulus of the (origi¬ 
nally) 8% gel had therefore increased in the ratio 2391/355 = 6.73, and that of 
the (originally) 10% gel in the ratio 4716/452 * 10.42. 

Interpretation of these figures is made difficult by the uncertainty how far 
they are from equilibrium values, but is not easy even on the assumption, 
which the graphs seem to support, that the ratio of the moduli at equilibrium 
does not differ greatly from that at 165 hours. It is not probable that any 
structure present in the original gel can undergo substantial rearrangement at 
ordinary temperature; the hardened specimens when examined in polarised 
light show a certain amount of strain, but no more than is exhibited by gel 
specimens which have lost the same fraction of their water content by drying 
in air. Failing rearrangement of structure, the increase in the modulus of the 
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hardened gel must be due to an increase in the modulus of the fibrillar material. 
In that event (assuming, of course, saturation with CH* 0 ) the ratio 

_ Modulus of hardened gel _ 

Modulus of natural gel of same gelatin content 

should be the same for all concentrations. This, as has been shown, is very 
far from being the case, and the hypothesis that the elastic behaviour of the 
gel is merely the behaviour of an elastic net work seems inadequate. In this 
connection the considerable loss of water during hardening may be significant. 
On the basis of accepted theory it may be explained by an increase in the 
modulus of the net work without a corresponding increase in the osmotic 
pressure of the liquid phase which is assumed to balance the elastic forces. 
This may account qualitatively for the loss of liquid, though much further 
work would be required to determine whether it does so quantitatively; in any 
event it does not, without some subsidiary hypothesis, provide an explanation 
of the great difference between the relative increases in the moduli of the two 
gels. 

Problems of equal difficulty are raised by the data—scanty as they are so 
far—on the elastic behaviour of agar and silicic acid gels. The first thing that 
requires explanation in terms of structure is the high absolute value of both 
moduli, and the rapid increase with time exhibited by the modulus of silicic 
acid gel. This ageing effect also raises the fundamental problem played by 
water, since the only ready explanation of the increase with time appears to be 
displacement of water from one phase to the other. With agar there is the 
further possibility that investigation of the temperature coefficient of elas¬ 
ticity may throw light on this point, and on the mechanism of water retention 
which in this gel appears at first sight to be radically different from that in 
gelatin. 

While the first approach to the subject thus seems to raise more questions 
than it answers, I have little doubt that further study of the elastic behaviour 
of gels, and possibly of their tensile strength, supplemented by diffusion experi¬ 
ments over a large range of conditions, should afford us a deeper insight into 
their structure than we possess at present. 


London , England. 



X-RAY STUDIES ON THE HYDROUS OXIDES 
I. Alumina 


BY HARRY B. WEI8ER AND W. 0. MILLIGAN' 

The addition of a base to a solution of an A 1 salt gives a highly gelatinous 
precipitate usually designated as Al(OH)s. While considerable evidence indi¬ 
cates that the gelatinous mass when first formed is hydrous AI2O3, and not an 
aluminum-oxide hydrate such as AI2OJ 3H2O, a number of older as well as 
more recent investigations point to the existence of a hydrate or a series of 
hydrates in the freshly precipitated gel. 

A critical survey of the evidence for and against the existence of definite 
hydrates in precipitated alumina was made 6 years ago. 1 Since that time the 
situation has been complicated by the interpretation put on vapor pressure 
and x-ray data obtained more especially by Hiittig and Willstatter. In the 
present article are given: (A) An historical summary in tabular form of Vapor 
pressure and x-ray data on (1) precipitated alumina and (2) the trihydrate of 
alumina. (B) An x-ray study of (1) Hiittig aluminas, (2) Willstatter aluminas, 
(3) precipitated alumina aged at ioo°, (4) aged alumina decomposed by heat, 
(5) alumina formed by the decomposition of hydrated aluminum chloride, (6) 
alumina formed by the decomposition of gibbsite (7) artificial gibbsite. 

A. Historical 

(/) Precipitated Alumina. 

Composition. The precipitate formed by the interaction of NH4OH and a 
soluble A 1 salt will henceforth be designated as precipitated alumina. Dif¬ 
ferent investigators have assigned various formulas to the precipitate dried in 
different ways. Some typical results are summarized in Table I. It is apparent 
that while certain investigators, especially van Bemmelen and Shidei, question 
the existence of hydrates, others, notably Hiittig and Willstatter, believe that 
a part of the water is chemically bound in the orthodox sense to give definite 
compounds. The work of Willstatter and of Hiittig will receive critical con¬ 
sideration in the experimental part of this paper. 

The vapor pressure data of Shidei on precipitated alumina commands 
special attention. He treated A 1 CU solution with NH 4 OH, washed the result¬ 
ing precipitate by decantation several times and then dialyzed it for n days 
at so°-6o°. The resulting precipitate was free from Cl - and SCh -- but still 
contained a trace of ammonia. The vapor pressure curve at constant tempera¬ 
ture for this precipitate was determined in a specially designed apparatus. 
Extreme care was taken to obtain equilibrium values which in some experi¬ 
ments required over 70 days. The curve reproduced in Fig. 1 shows clearly 


1 Weiner : “The Hydrous Oxides” (1926). 
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Table I 

Composition of Precipitated Alumina 


Investigator 

Method of 

drying 

Composition 
mole HjO 
per mol AlaOj 

Investigator’s 

conclusions 

Van Bemmelen 1 

Air-dned 

4 3 to 4 5 

No definite hydrates ex¬ 




cept possibly a trihy- 
drate 

Carnelley and 

Air-dried 

5 

Either no hydrates or a 

Walker 2 

At 65° 

3 

very large number of 


At 160-200° 

2 

hydrates 


At 250-290° 

1 



0 

0 

XT' 

00 

< 

0 


Allan 3 


Precipitated 

Composition determined 



Cold Hot 

by method of drying 


Air-dried 

303 2 89 



Over H2SO4 

2 020 2 04 



At 100° C 

2 015 1 88 


Guichard 4 

Air-dned 

6 59 

The di- and trihydrates ex¬ 




ist in the cold precipitate 

Huttig and co- 

Aged under 

3 to 1 

A series of definite hydrate 

workers 5 

varying 

conditions 


are formed 

Willstatter and 

Pptd and 

3 to 1 

Definite hydrates are 

coworkers 6 

dried under 


formed 


varying 

conditions 



Shidei 7 

Varying 

pressure 

See Fig 1 

No hydrates 


that no definite hydrates are formed under the conditions of Shidei's experi¬ 
ments It was assumed that the water is present in the form of a solid solu¬ 
tion in the alumina, but it is more probable that the water is re tamed by ad¬ 
sorption forces on the surface of finely-divided crystals 

1 Rec Trav chim , 7 , 75 (1888) 

* J Chem Sot , 53 , 87 (1888) 

* Chem News, 82 , 75 (1900) 

4 Bull, (4) 37 , 251, 381 (1925)1 39 , 190 (1926) 

8 Z anorg Chem , 171 , 323 (1928), 187 , 1 (1930) 

* Ber, 56 , 149, 1117 (1923)1 57 , 58, 1087 (1924), 58 , 2448, 2458 (1924), 64 , 1697(1931). 

7 Mem Coll Sci Kyoto, 9 a, 42 (1924). 
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X-Ray Data . A number of investigators have examined precipitated 
alumina by x-ray diffraction methods. Haber 1 obtained no diffraction effect 
with a precipitate formed in the cold and air-dried, but observed one broad 
band in the precipitate from an ultrafiltered alumina sol prepared by Crum’s 
method. He concluded from this that the gel is amorphous when thrown 
down in the cold but gradually assumes an ordered structure. Frick and Wea¬ 
ver, 2 on the other hand, observed one broad diffraction band from a precipitate 
formed at room temperature and a weak pattern from one'thrown down at 
ioo°. Bohm 3 obtained a well-defined pattern which he described as similar to 



Vapor Prewmre-Composition Diagram for Precipitated Alumina (after Shidei) 

some “bauxites” in a precipitate thrown down at ioo°. These qualitative 
observations have been extended by more recent quantitative work which has 
been summarized in Table II and Fig. 2. Because of the similarity in the 
x-radiograms from a number of the samples, it is necessary to reproduce only 
a few of them. The numbers in the last column of the table correspond to the 
numbers of the x-ray diagrams shown in the figure. It will be noted that all 
of Biltz and Lehrer’s samples yield similar but not identical diffraction effects. 
Rooksby examined a number of preparations formed with varying concentra¬ 
tions of ammonium hydroxide at both room temperature and at ioo°. The 
x-ray patterns from the several samples were identical except for a slight varia¬ 
tion in the width of the lines, showing that the conditions of preparation in¬ 
fluence the particle size. The lines were quite diffuse but the positions were 
the same with the product formed by the thermal decomposition of gibbsite. 
Further discussion of Rooksby's results will be given in a later section. 

1 Ber., 55 , 1727 (1922); Bohm and Niclassen: Z. anorg. Chem., 132 , 1 (1920). 

1 Z. anorg. Chem., 136 , 321 (1924). 

* Z. anorg. Chem., 149 , 203 (1925). 
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Table II 

Precipitated Aluminas used in X-Ray Diffraction Studies 


Investigator 

Treatment 

Composition 
mols HjO 
per mol AUOj 

No. in 
Fig. 2 

Biltz and 

Dried: 



Lehrer* 

At ioo° 

1 03 

- 


With liquid NH 8 

1 15 

- 


With liquid NH 8 

2 995 

1 


With acetone 

2 88 

2 


With liquid NH 8 

2 04 

- 


With liquid NH 8 

1 00 

3 


With acetone 

1 00 

- 


With acetone 

1 71 

- 


With liquid NH 3 

1 49 

- 


With liquid NH 8 

1 98 

4 


With acetone 

3 16 

- 


With acetone 

2 39 

- 


With acetone 

2 55 

- 


With liquid NH 3 

2 98 

5 

de Jong 2 

precipitated and dried at 40-45* 

” ” ” ” TOO 0 

3 _ 

6 

Rooksby 1 

Dehydration of Gibbsite at 250* 
Precipitated at 20° 

3 1 7 

Similar to 


)} 77 O 

IOO 

- 

// 


AltOa 2 99 H 1 O 
After Bilts and Lehrer 

AljOa 2 88HjO 
After Biltx and Lehrer 

AltOs i 00 H 1 O 
After Bilts and Lehrer 

AliOa 1 98 HjO 
After Bilts and Lehrer 

AlaOa 2 98 HjO 
After Bilts and Lehrer 

AlaOi xH»0 
After de Jong 

AlaOa lHaO 
After Rookshy 
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SHI 
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1 

■ ■ 

n 

mam 

ma 

1 

HI 1 
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Fig. 2 

X-Ray Diffraction Diagrams of Precipitated Aluminas 

1 Z. anorg. Chem., 172 , 302 (1928). 

* Z. Krist., 66, 303 (1928). 

* Trans. Ceram. Soc. England, 28 , 399 (1929)* 
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(£) The Crystalline Trihydrate . 

The mineral gibbsite occurs in nature in the form of well-defined crystals. 
The artificial preparation of this compound has been accomplished in a variety 
of ways. Thus Bonsdorff 1 and Bayer 2 * dissolved alumina gel in KOH and 
allowed the solution to stand in a closed vessel until crystals appeared. 
Similarly, Goudriaan 8 dissolved A 1 in NaOH and allowed the solution to 
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After B and L. 

Gibbsite + 6—AlaOa 
After Damerell et al 

Damerell’s [Gibbsite 
+ 5 —AlaOj] 

Gibbsite 
After Rooksby 

Gibbsite + 5 — AI2O3 
After Rooksby 

Gibbsite + fi—AI2O1 (?) 

After Hansen and Brownmiller 

Gibbsite 
After H and B. 

Gibbsite 
After de Jong 

Gibbsite, AI1O3 3H1O 

“Bauxite,” AliOa. 3H2O 

Artificial Gibbsite 
AliOj 3H2O 

Diaspore, AI2O3 H2O 


Fig. 3 

X-Ray Diffraction Diagrams of Natural and Artificial Gibbsites, etc. 

stand in the air, and Fricke 4 passed CO2 slowly into cold alkali aluminate 
solution or slowly hydrolyzed the aluminate by dilution. While the composi¬ 
tion of the several preparations corresponds to the formula AI2O3 3H2O, there 
is a difference of opinion as to whether the artificial preparations are identical 
with gibbsite. This point has been investigated by x-ray diffraction methods. 
The results are summarized in Table III and a number of x-ray diagrams are 
reproduced in Fig. 3. Except for the results of Biltz and Lehrer, the evidence 
is fairly conclusive that the artificial preparations are either identical with 

1 Pogg. Ann., 27 , 275 (1833). 

* Cbem.-Ztg., 12,1209 (1889). 

* Proc. Roy. Akad. Amsterdam, 23 , 129 (1921). 

4 Z. anorg. Chem., 175 , 249 (1928); 179 , 287 (1929). 
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Table III 

Artificial Gibbsite and Similar Preparations 


Investigator 

Method or 

X-ray pattern 

No. 

Biltz and 

sample 

Precipitated by NH 4 OH at 

obtained 

Fig. 

Lehrer 1 

70° and dried with acetone 

Unlike gibbsite 

1 

Damerell 2 

BonsdorfTs method 

Precipitated alumina aged 

Somewhat like gibbsite 

2 


in cold 

Similar to gibbsite 

3 

Weiser and 
Milligan 

Frick and 

DamerelTs sample 

Slow hydrolysis in cold of 

Similar to gibbsite 

4 

coworkers 3 

alkali aluminate 

Rapid hydrolysis of alkali 

Identical with gibbsite 

—• 


aluminate 

Similar to some “bauxites” - 

L. H. Milligan 4 

Bayer’s method 

Identical with gibbsite 

- 

Rooksby 6 

Mineral gibbsite 

Gibbsite pattern 

5 


Goudriaan’s method 

Somewhat different from 
gibbsite 6 

Hansen and 

Goudriaan’s method 

Similar to Rooksby’s re- 

Brownmiller 6 


suits 

7 


Mineral gibbsite 

Gibbsite pattern 

8 

de Jong 7 

Mineral gibbsite 

Gibbsite pattern 

9 

Weiser and 

Mineral gibbsite 

Gibbsite pattern 

10 

Milligan 

Mineral “bauxite” 

Gibbsite pattern 

11 


BonsdorfTs method 

Gibbsite pattern 

12 


Goudriaan’s method 

Gibbsite pattern 

12 


Mineral diaspore 

Diaspore pattern 

13 


gibbsite or are gibbsite mixed with more or less of a crystalline form of alumina 
which has been termed 6 -Al 2 0 3 (See experimental part). Our x-radiograms 
of (1) a mineral gibbsite, (2) a mineral “bauxite” and (3) artificial gibbsites 
obtained by BonsdorfTs and Goudriaan’s methods were identical as nearly as 
could be determined (Fig. 3: 10, 11, and 12). It is not obvious why the 

1 Z. anorg. Chem., 172 , 302 (1928). 

* Damerell: J. Phys. Chem , 35 , 1061 (1931); Damerell, Hovorka, and White; 36 , 1255 
(1932); Tartar and Damerell: 36 , 1419 (1932). 

3 Z. anorg. Chem., 175 , 249 (1928); 179 , 287 (1929). 

4 J. Phye. Chem., 26 , 247 (1922). 

* Trans. Ceram. Soc. England, 28 , 399 (1929). 

* Am. J. Sci., (5) 15 , 225 (1928). 

7 Z. Krist., 66, 303 (1928). 
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x-radiograms of BonsdorfTs and Goudriaan’s artificial gibbsites obtained by 
Biltz and Lehrer, Rooksby, and Hansen and Brownmiller should exhibit the 
differences shown in Fig. 3. As will be pointed out in the section “Synthesis 
of Gibbsite” in the experimental part of this paper, it is probable that the 
differences are due in part to variations in the conditions of preparation of the 
several samples. 

B. Experimental 

(/) Preparations according to Hiittig’s Procedures . 

Hiittig and coworkers 1 prepared a number of alumina precipitates and 
studied them by isobaric dehydration and x-ray diffraction methods. The gel 
freshly precipitated in the cold, appeared to be amorphous and to lose water 
continuously with increasing temperature. On standing at ordinary tempera¬ 
tures the fresh gel went over gradually into A 1 2 0 8 • 3H2O. According to Hiittig 
the transformation was not direct; but a series of crystalline intermediate 
hydrates between A 1 2 0 8 *H 2 0 and A1 2 03 *3H 2 0 was believed to form. Every 
member of this series of hydrates manifested its individuality by a definite 
step-like curve. 

Hiittig and Kostelitz recognized two more or less separate and distinct 
ageing processes; (a) gelatinous alumina, which consists of alumina and 
adsorbed water, reacts with the adsorbed water to form a series of compounds 
endingwith Al 2 0 a 3H 2 0; (b) aloweraluminahydrate, assumed to be A 1 2 0 3 H 2 0 
(diaspore) with adsorbed water, reacts with the adsorbed water giving a 
series of compounds with A1 2 0 8 -3H 2 0 as the final product. These two proc¬ 
esses arc represented in Figs. 4 and 5, respectively. In Fig 4 the transforma¬ 
tion is from I —^ II —► III —> IV in which I represents the non-crystalline 
Ali03*xH 2 0, II and III, intermediate hydrates and IV, gibbsite. The second 
process is represented in Fig. 5 in which the changes are from 1 which is the 
curve for the monohydrate (disapore) through 2, 3, 4, and 5, the curves for 
intermediate hydrates, to 6, the curve for gibbsite. 

X-radiogr'ams of the several products were found to exhibit differences 
each from the other. This was likewise interpreted to mean that each was a 
definite chemical individual intermediate between non-crystalline alumina 
monohydrate on the one hand and trihydrate on the other. 

It is well known that differences in the mode of precipitation of a definite 
material may influence the particle size and thus the width (sharpness) of the 
lines on the x-ray diffraction pattern; but differences in the position and rela¬ 
tive intensities of the lines require further explanation. The differences in 
the position may be accounted for as the result of (1) formation of a solid 
solution with water in varying amounts, (2) experimental errors inherent in 
the apparatus employed, (3) error in measuring the positions of the lines due 
to a failure to calibrate the film with a material of known spacings (4) the 
samples being mixtures rather than pure definite compounds as Hiittig and 
Kostelitz assumed their intermediate products to be. Of course, no signifi- 

1 HOttig and Wittgenstein: Z. anorg. Chem., 171, 323 (1928); Hiittig and Kostelitz: 
187,1 (1930). 
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Fig 4 

Temperature-Composition Curves of Precipitated Alumina (after Htittig, I) 

cance can be attached to slight differences in visually estimated intensities. 
Unfortunately Huttig’s x-ray data are recorded only in chart form on a small 
scale, and it is altogether impossible to make any accurate comparisons with 
the results of other people 

Preparation and Treatment of Samples In the present investigation 
samples of precipitated aluminas were prepared and aged as nearly as possible 
in accord with the procedures of Huttig and Kostehtz Both the K and L 
senes of samples were investigated To prepare the former, one liter of 2 N 
NH4OH was added with stirring to 90 g of AlCh 6 H 2 0 dissolved in 200 cc of 



Fig 5 

Temperature-Composition Curves of Precipitated Alumina (after Htittig, II) 
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water at room temperature. The resulting hydrous precipitate was placed in 
2 $o cc wide-mouthed bottles and washed ten times by the aid of the centrifuge 
using 200 cc portions of water. At the conclusion of the washing, the gel was 
almost chloride free and sol formation had begun. The sample was divided 
into five parts and aged as shown in Table IV. 

The L samples were made by adding 48 cc of 25% NH 4 OH at 48°C to 
548 cc of a solution containing 118 g AI2SO4 • 1 8 H 2 0 and 3 7.6 g of NH 4 C 1 . The 
resulting precipitate was washed as above described and four samples were 
aged as given in Table IV. 

Table IV 

Ageing of Precipitated Aluminas 
Samples Method of Ageing 

Ki and Li In a closed desiccator over io c / ( H 2 S 0 4 ; Ki, 15 weeks and I*, 
18 weeks 

Ki" Same as K x for 29 weeks 

Kj and L* In the open air but protected from dust for 27 weeks 

K a and L 3 In a closed desiccator for 31 weeks 

K4 and L4 Over water in a closed desiccator for 22 weeks 

X-Ray Examination. The samples above described were air-dried, 
powdered, and placed in a thin nonex capillary tube, one end of which con¬ 
tained a sample of very pure NaCl which was used to calibrate the film. X-ray 
diffraction patterns were obtained with the General Electric x-ray diffraction 
apparatus. The results are given in Table V, and the diagrams of the x-radio- 
grams are shown in Fig. 6. The interplanar spacings d hU /n = D are ex¬ 
pressed in Angstrom units; I represents the relative, estimated intensity on 
such a scale that 10 is the most intense line. In the figure the x-ray pattern 
of gibbsite and of what we have termed 5 -Al 2 0 3 are included for the purpose 
of reference. 

It is impracticable to discuss these data until the evidence for the existence 
of 6 -Al 2 0 8 is given. It is significant however that Hiittig’s K samples formed 
in the cold are all quite similar and are probably mixtures of gibbsite with 
5 -AliOa. The L samples formed at higher temperature give patterns almost 
identical with that of 5 -Al 2 0 3 except L 3 which is similar to the K samples. 
It is not apparent why the gibbsite structure should have started in but one of 
the L samples. However, the temperature of formation was not sufficiently 
high to preclude this possibility and one might expect it to happen occasion¬ 
ally. It is altogether probable that if L% has been aged a longer period, it too 
would have changed in part into gibbsite. 

(#) Preparations according to Willst&tter’s Procedures . 

Samples of several aluminas were made according to the procedures of 
Willstatter and coworkers and were examined by the x-ray diffraction method. 

Preparation of Samples . A. One liter of a solution containing 100 g of 
A 1 *(S 0 4 )i- 18H1O at ioo° was added to one liter of 6 N NH 4 OH at 50° with 
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vigorous stirring, after which steam was passed into the mixture for 5 hours, 
adding more ammonia from time to time. The resulting precipitate was 
washed free from sulfate and chloride by ordinary decantation and finally by 
the aid of the centrifuge. A portion of the sample was dried over P 2 0 6 for 30 
days and then contained 21.72% water. Willstatter and JCraut found a 
composition approximating A 1 2 0 8 • 2H 2 0 for a similar sample dried over H 2 S 0 4 . 
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AltO* 3 H«0 


Fig. 6 

X-Ray Diffraction Diagrams of Precipitated Aluminas prepared according to 
Huttig’s Procedures 

B. This preparation was precipitated like A, but instead of passing in 
steam, it was heated on a steam bath for 30 minutes at 65°, then washed 
nearly free from sulfate and chloride. 

D. About 63 g of alumina (calculated as Al(OH)j) were dissolved in a 
solution of 70 g of KOH in 430 cc of water. The resulting solution was filtered, 
diluted to 5 liters, and COj passed in rapidly. After thorough washing the 
sample was dried over PjO t for 30 days. 

New A. Willstatter, Kraut, and Humme 1 have recently modified the pro¬ 
cedure for preparing the A sample which is claimed to give the definite hydrate 
AltOi-aHjO. A sample was made according to this procedure: A solution of 


1 Ber., 64 , 1697 (1931)- 
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250 g A1i(S04)j*i8Hj0 in 750 cc of water was wanned to 48° and poured 
rapidly with vigorous mechanical stirring into 2.5 liters of 15% by weight 
NH4OH also at 48°; the temperature rose to about 50°. The resulting mixture 
was stirred for 30 minutes, and diluted to 12 liters with distilled water. The 
precipitate was washed by decantation 4 times after which 1 liter of 15% 
NH4OH was added, and stirred for 5 minutes, followed by dilution to 12 liters 
with distilled water. The washing by decantation was continued until 
peptization began. About 2 days were required for these operations in ac¬ 
cordance with the requirements of Willstatter. The resulting precipitate was 
then washed with acetone and ether. Samples were dried, Ai in vacuum, A* 
over P 2 0 6 in vacuum, and A 8 at no 0 in air. 

X-Ray Examination . X-radiograms were made of the 6 samples above 
described. The position and relative intensities of the lines in the several 
samples are shown in Table VI and the diagrams for two of the samples only 
are reproduced in Fig. 7 (5 and 6). It is evident that all of Willstatter’s 
samples formed by precipitation in the hot have the same crystal structure 
which is that of S-A 1 2 0 8 . The D sample obtained by rapid hydrolysis of 
aluminate in the cold gave an x-radiogram in which no lines could be detected. 

Table VI 

X-Ray Data for Willstatter’s Preparations 


A 


B 


D 

New Ai 

New As 

New Aa 

D 

I 

D 

I 

D I 

D I 

D I 

D I 

3 16 

7 

3 i 5 

5 





2 34 

8 

2 36 

7 



2 -35 6 


1 85 

10 

1 85 

10 

General 

1 85 10 

1 85 10 

18510 



1 61 

0 1 





1 43 

8 

1 43 

8 


1 43 7 

1 43 7 

1 43 8 

1 3 i 

6 

1 32 

6 

Blackening 


1 3 i 5 


1 13 

2 

1 13 

1 






(5) Ageing of Precipitated Alumina at 100 °. 

Since a survey of reported work indicates that different products are ob¬ 
tained on ageing hydrous alumina in the hot and in the cold, the following 
systematic procedure was carried out: 200 g of A1 2 (S04) 8 18H2O was dissolved 
in 500 cc of water and 12 5 cc of 15 N NH 4 OH was added with vigorous stirring. 
A sample containing the suspended oxide was removed at once and the re¬ 
mainder was heated to boiling under a reflux condenser. The boiling was con¬ 
tinued several weeks, samples being removed from time to time and washed 
and dried according to the following procedure: Each sample was washed 7 
times by the aid of the centrifuge with 50 cc portions df distilled water fol¬ 
lowed by 5 washings with 50 cc portions of acetone and then dried at 50°. No 
significance is attached to this particular procedure but it was followed with 
all samples so that the various compositions are comparable. Willstatter be¬ 
lieves that washing with acetone removes all of the adsorbed water, leaving 
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only chemicall y combined water. This appears to be definitely in error. 
However, in the present experiments washing with acetone was used as a con¬ 
venient method of removing much of the water without the necessity of heating 
to a high temperature which might decompose definite hydrates, assuming 
they were present. After drying according to the above procedure the com¬ 
position was determined and x-radiograms were made. The relationship 
between the age of sample and water content of the precipitate is given in 
Table VII and shown grapically in Fig. 8. 
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Fig. 7 

X-RayJ Diffraction Diagrams of Precipitated Aluminas prepared in Various Ways 


Table VII 

Age and Composition of Precipitated Alumina 


Age 

(Composition 

Numbers in 

Age 

Composition 

Numbers in 

hours 

% water 

Table 8 Fig. 7 

hours 

% water 

Table 8 Fig. 7 


74 73 

1 

- 

96.5 

2415 

7 2 

1 

— 

2 

- 

168 

— 

8 3 

3 ~ 

40.89 

3 

1 

237 

22.51 

9 

14.5 

— 

4 

2 

335 . 

— 

10 


3465 

5 

2 

504 

— 

11 - 

72 

26.88 

6 

2 

1009 

1935 

12 4 

The x- 

ray diffraction 

data are given 

in Table VIII and Fig. 7. 

The results 


are quite conclusive. The precipitate is amorphous when first formed but 
ageing in the hot gradually causes a transformation to the crystalline form 
which shows the same lines on the x-radiogram as Willst&tter’s A and B 
samples. 
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Fig. 8 

Time-Composition Curve of Precipitated Alumina aged at ioo°C. 

Table VIII 

X-Ray Diffraction Data for Alumin aged at ioo° 




2 


3 



4 


5 


6 


D 

1 

D I 


D 

1 


D 

I 

D 

I 

D 

I 

General 

General 

1 

85 

10 

1 

84 

10 

1 84 

10 

1 84 

10 

blackening 

blackening 

1 

43 

10 

1 

43 

9 

1 43 

9 

1 43 

9 







1 

32 

5 

1 33 

5 

1 33 

5 

7 


8 


9 



10 

11 


12 and 12a 

D 

1 

D I 


D 

T 


D 

I 

D 

T 

D 

I 

1 84 

10 

2 38 8 

3 

15 

6 

3 

15 

5 

3 16 

5 

3 18 

5 

1 43 

Q 

0 

-f 

00 
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34 

7 

2 

33 

7 

2 33 

7 

2 36 

8 

J 33 

5 

* 43 9 

1 

85 

10 

i 

85 

10 

' 85 

10 

1 85 

10 



1 33 5 

1 

43 

9 

1 

435 

8 

1 43 

8 

1 43 

8 




1 

32 

5 

1 

326 s 

1 32 

5 

i 13 

2 




1 

14 

2 

1 

14 

2 

1 13 

1 




( 4 ) Dehydration of Alumina aged at 100 °. 

Since all the samples described in the preceding paragraph were treated 
with acetone and dried at 50°, it was thought desirable to dry some of these at 
higher temperatures and thereby reduce the water content. Thus sample 12 
having a composition 19.35% water when dried at 50° was heated for about 3 
hours at 160° (sample 12a) at which temperature the composition became 
10.38%, which corresponds to AUO30.65HJO. X-ray examination showed 
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that the crystal structure had not changed, the results for 12 and 12a being 
identical. It is obvious therefore that sample 12a, and therefore 12, cannot 
be diaspore or an isomer of diaspore (A 1 2 0 8 • H 2 0 ); but must be either a lower 
hydrate such as Al 2 0 3 o.5H 2 0, or alumina with adsorbed water. In order to 
help decide this point, it is necessary to compare the x-radiogram from 12 
with those obtained from anhydrous alumina. 

Polymorphism of Alumina . &-AWz- It has been demonstrated that four 
polymorphic forms of alumina exist: (1) a-AljOa, which occurs in nature as 
corundum and has been prepared artificially by heating ordinary alumina to 
i8oo°; ! (2) / 3 -AljOa, prepared by allowing molten o-A 1 2 0 8 containing 0.5% 
MgO 1 2 or s ( A Na*0 3 to cool slowly; and (3) 7-AUO3, formed by heating precipi¬ 
tated alumina in the neighborhood of 900 0 , 4 * and (4) f-Al 2 0 8 prepared by 
allowing molten a-Al 2 0 8 containing 5% Li 2 0 to cool slowly. 6 * 6 

In 1928 Parravano and Montoro 7 reported the formation of another modi¬ 
fication of alumina by heating AlCIa • 6 H 2 0 for 15 days. Biltz, Lemke, and 
Meisel 8 called this alleged new modification S-A 1 2 0 8 . However in 1929 
Parravano and Onorato 9 reported a serious error in the 1928 paper. “The 
spectrum reported in the work cited and attributed to be from alumina at 
250° was due to an exchange of samples.” 

While Parravano’s statement disposes of his 5 -Al 2 0 3 , this does not mean 
that another polymorphic form does not exist. It will be recalled that precipi¬ 
tated alumina aged for many hours at ioo°, gradually assumed a definite 
crystalline structure. Upon heating to 160° nearly all the water was driven 
off. It is most probable that this material is actually a polymorphic modifica¬ 
tion of A 1 2 0 8 which has been designated S-A 1 2 0 8 . Attempts were made to 
dry completely a sample of 5 -Al 2 0 8 , but it was found that heating to higher 
temperatures starts the transformation to the 7-form, before the water is 
entirely driven off. It is probable that the last trace of water stabilizes the 
8-form in somewhat the same manner as the /8-form is stabilized by small 
amounts of Na a O and MgO. 

For purposes of comparison the x-ray diffraction patterns of the a, /3, 7, 
5 , and f modification of alumina are given in chart form in Fig. 9. There can 
be no doubt that each of the five samples possesses a crystal structure entirely 
different from the others. 

1 Davey: Phys. Rev., (2) 15 . 333 (1920): 21, 716 (1923); Maugin: Compt. rend., 178 , 
785 (1924); Pauling and Hendricks: J. Am. Chem. Soc., 47 , 781 (1925). 

* Rankin and Merwin: J. Am. Chem. Soc., 38 , 568 (1916). 

* Stillwell: J. Phys. Chem., 30 , 1444 (1926). 

4 Ulrich: Norsk. Geol. Tidsskr., 8, 115 (1925); Hansen and Brownmiller: Am. J. Sci., 
(5) 5 , 225 (1928); Biltz; Lemke, and Meisel: Z. anorg. Chem., 186 , 373 (1930). 

1 Barlett: J. Am. Ceramic Soc., 15 , 361 (1932). 

4 The experiments of Barlett concerning f-AlsOs have been repeated and the results 
confirmed. 

7 Atti. accad. Lincei, (6) 7 , 885 (1928). 

8 Z. anorg. Chem., 186 , 373 (1930) cf. Bragg, Gottfried, and West: Z. Krist., 77 , 255 
( 1931 ). 

8 Atti. accad. Lincei, (6) 10, 475 (1929). 
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( 5 ) Thermal Decomposition of Aluminum Chloride . 

In view of the error in Parravano and Montero’s report, experiments were 
carried out to determine, if possible, what form of alumina results on decom¬ 
posing A 1 CV 6 H S 0 . In the first experiment a 5 g sample of salt was placed 
in an electric oven at 150°. In 10 hours the temperature rose to 250° and the 
sample was maintained at this temperature for 2 hours. X-ray examination 
showed the resulting product to be amorphous. A second sample prepared by 
heating 17 hours at 225 0 and a third by heating at 250° for 30 days likewise 
proved to be amorphous. It was then decided to carry out the dehydration 
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Fig. 9 

X-Ray Diffraction Diagrams of a , B, 7, 5 and AI a O* 

at a lower temperature since a higher temperature favors the transformation 
to y-Al 2 Os. Accordingly, a sample was heated for 72 hours at 165-170°. This 
treatment was insufficient to decompose the hydrate completely; hence the 
sample was washed with hot water until nearly free from chloride and dried 
at 6o°. X-ray examination showed that a crystalline product resulted which 
was identical with 6-AI2O3 as shown diagrammatically in Fig. 7 (7). 

( 6 ) Thermal Decomposition of Gibbsite . 

Gibbsite, AI2O33H2O, starts to decompose on heating to a temperature 
in the neighborhood of 200°. (5) Rooksby obtained an x-radiogram of the 
product formed by thermal decomposition at a temperature of 250°. Under 
these conditions the composition of the product was represented by the 
formula AWVH^O. Since the x-radiogram is different from that of the 
mineral diaspore, Rooksby thought he had prepared an isomer of diaspore. 
On examination, the x-radiogram showed such a marked similarity to that of 
5 -AlfOa, that Rooksby's experiment was repeated. The x-radiogram is 
shown in Fig. 7 (8), together with those for fi-AliOj (1-7), and Rooksby’s 
alleged hydrate (9). There is no doubt that the several preparations are 
identical in crystal structure. 
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( 7 ) Synthesis of Gibbsite. 

In the historical portion of this paper was included the diagram for the 
x-ray pattern of an artificial gibbsite which we prepared (Fig. 3, 12). The 
sample was made in the following way: To a solution of 56.1 g of KOH in 
300 cc of water were added 10 g of A 1 strips, a little at a time to avoid frothing 
and heating. The resulting solution was filtered, placed in a stoppered flask, 
and allowed to stand. Upon examination about 30 days lafer, the bottom of 
the flask was covered with a micro-crystalline powder. This material was 
carefully washed, and dried at 6o° and submitted to x-ray examination. The 
results obtained are given in Table IX and in Fig. 3 (12). For purposes of 
comparison the data for samples of the minerals “bauxite,” gibbsite, and 
diaspore are likewise given in Table IX and Fig. 3 (10, 11, and 12). 

The above method of synthesizing gibbsite is similar to that of Goudriaan. 
A sample prepared by Bonsdorff’s method which is almost the same as 
Goudriaan’s, gave an x-radiogram with the same spacings and intensities. It 


Table IX 

X-ray Data for Gibbsite and Diaspore 
Number in Fig. 3 


10 

Gibbsite 

mineral 

11 

“Bauxite” 

mineral 

12 

Gibbsite 

artificial 

# *3 

Diaspore 

mineral 

D I 

D I 

D I 

D I 

4,85 10 

4 85 jo 

4 85 10 

4 00 10 

4.34 0 

4 34 9 

4 36 8 

2 57 8 

3-31 l 

3 3 i 1 


2 34 10 

3.12 1 

312 1 


2 13 10 

2-45 7 

2 45 7 

2 45 6 

2.08 2 

2.38 7 

2 38 7 

2 38 6 

1 82 1 

2.26 1 

226 1 

2 26 3 

1 71 2 

2.17 3 

2 17 3 

2 17 3 

1 63 10 

2.04 3 

2.04 3 

2 04 3 

1 54 1 

1.990 2 

1.990 2 

1 985 3 

1 50 2 

1.907 2 

1 907 2 

1 911 3 

1 47 2 

1•798 3 

1798 3 

1-795 3 

1 40 8 

x.741 4 

1.741 4 

1 -741 3 

1 38 1 

1.681 s 

1.681 s 

i 680 4 

1 34 1 

I.642 O.I 

I.642 0.I 


1 32 1 

I.58O l 

I.580 I 


1 29 1 

1.448 4 

I.448 4 

1.448 4 


1.404 6 

1.404 6 

1-404 5 


I. 3 S 2 2 

*•352 2 



1.312 1 
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will be recalled that Rooksby obtained different x-radiograms from samples 
made by those two methods and neither was identical with that of gibbsite. 
As already pointed out the reason for this is not obvious; but it is probable 
that he allowed the temperature to rise in the course of the preparation and 
so obtained 5 -Al 2 0 3 mixed with gibbsite in varying proportions. 

Discussion of Results 

From the experiments above described and from the earlier observations 
of Haber, Frick, and Weaver, and others, it is evident that alumina, freshly 
precipitated by the interaction of cold solutions of ammonia or alkali and a 
soluble aluminum salt, is either amorphous or contains such extremely minute 
crystals that it gives no x-ray diffraction pattern. When the gelatinous 
precipitate is allowed to age in the hot a crystalline phase appears which gives 
gradually, an x-ray diffraction pattern identical with that from aluminas ob¬ 
tained by the thermal decomposition of gibbsite, A 1 2 0 3 3H2O, at 250° and from 
the thermal decomposition of AICI3 6H2O at 170°. Long continued ageing 
causes the crystals to grow as evidenced by the increase in number and sharp¬ 
ness of the lines on the x-ray pattern. Thus, by referring to Table VIII and 
Fig. 7 it will be seen that the gel aged for one hour gives a pattern showing 
only general scattering; but after three hours two rather broad bands appear. 
Continuing the process for several days finally results in a product which 
yields a pattern quite similar to the one resulting from the dehydration of 
gibbsite at 200-250°. As the material dehydrates no change is noted in the 
position of the lines showing that the gel is not a solid solution of alumina and 
water. The gel is therefore hydrous alumina, that is, alumina with adsorbed 
water, or a hydrous alumina hydrate. 

According to Rooksby, the product formed by the thermal decomposition 
of gibbsite at 250° is Al 2 0 3 H 2 0 which gives a different x-radiogram from the 
mineral diaspore. Rooksby believes that the alleged hydrate from gibbsite is 
an isomer of diaspore. This conclusion is in error since the x-ray pattern of an 
aged precipitated alumina having the composition Al 2 0 3 o.65H 2 0 is identical 
with that obtained with alumina from gibbsite. This pattern is different from 
the patterns obtained with a-Al 2 0 3 , /S-A 1 2 0 3 , 7-Al 2 0 3 , and f-Al 2 0 3 . It is 
concluded therefore that the product formed by (1) ageing precipitated 
alumina in the hot (b) decomposition of gibbsite at 250° and (c) decomposition 
of A 1 C 1 3 * 6 H 2 0 at 170° is a new polymorphic form of alumina which we have 
termed $-Al 2 0 3 . The possibility that the so-called S-A 1 2 0 3 is an alumina 
hemihydrate has not been definitely excluded but the evidence is against this 
point of view. In the first place, the data given in Table VII and Fig. 8 for 
the relation between composition and time of ageing at ioo° shows that the 
precipitated gel loses water in the manner characteristic of hydrous oxides. 
In the next place, the vapor pressure-composition curve obtained by the pre¬ 
cise measurements of Shidei (Fig. 1) gives no indication of the formation of 
alumina hemihydrate or of any other hydrate, in his preparation. Since his 
preparation was made by hot dialysis of precipitated alumina, he was working 
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with a product formed by essentially the same procedure which we have found 
most favorable for the formation of 5 -A 1 j 0 8 . The obvious conclusion is that 
the product we have called 5 -Al* 0 8 is not a hemihydrate. 

The evidence from vapor pressure data and especially from x-ray diffrac¬ 
tion data does not support the view of Hlittig and Willst&tter that precipitated 
alumina can form a series of hydrates by ageing under suitable conditions. 
The various preparations of these authors are either 5 -Al* 0 8 or a mixture of 

6- AljOs and gibbsite. The formation of the former is favored by precipitation at 
high temperature and ageing at high temperature, while the formation of the 
latter is favored by precipitation and ageing in the cold. In any event the 
original precipitated gel is hydrous 5 -Al 2 0 8 . Under favorable conditions the 
5 -AlfOi first formed changes to gibbsite, the extent of the change being deter¬ 
mined by the treatment of the sample. 

Summary 

The results of this investigation are as follows: 

1. X-ray diffraction studies have been carried out on aluminas precipi¬ 
tated under widely varying conditions in order to determine what definite 
hydrates of alumina exist. 

2. The evidence indicates that there are but two alumina hydrates: (i) 
gibbsite, A1 2 0 8 -3H 2 0, both natural and artificial, and (2) diaspore, A 1 2 0 8 H 2 0 . 

3. Precipitated alumina aged at ioo° has been found by x-ray diffrac¬ 
tion methods to be a new form of alumina, which has been termed 5 -Al* 0 8 , 
with adsorbed water. It has not been prepared free from adsorbed water but 
a composition A 1 8 0 8 • 0.65H1O has been obtained without transformation to the 

7- AlfOa taking place. The so-called 5 -Al 2 0 8 cannot be a monohydrate 
(Rooksby), but the possibility that it is a hemihydrate has not been definitely 
excluded, although the evidence is against this hypothesis. 

4. Samples prepared according to the procedures of Htittig and co- 
workers were found by x-ray diffraction methods to be either 6 -Al 2 0 8 or a 
mixture of 5 -Al 2 0 8 and gibbsite, instead of a series of definite hydrates as 
Htittig believed. 

5. Samples prepared by the methods of Willstatter and co-workers were 
found by x-ray studies to be either 6 -Al 2 0 8 or amorphous A 1 2 0 8 with adsorbed 
water, instead of a series of hydrates as Willstatter believed. 

6. Artificial gibbsites prepared by the methods of both Bonsdorff and 
Goudriaan give x-ray diffraction patterns identical with the mineral gibbsite. 

7. The product formed by the thermal dehydration of gibbsite below 
25o°C is 8-AltOa and not an isomer of diaspore as Rooksby assumed. 5 -Al 2 0 8 
is also formed by the thermal decomposition of AlCh • 6 H* 0 . 

8. The existence of f-Al 2 Oi recently announced by Barlett, has been 
confirmed. 

9. The various transformations of precipitated alumina may be tabulated 
in the following diagram: 
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X-RAY STUDIES ON THE HYDROUS OXIDES 
II. Stannic Oxide 

BY HARRY B. WEI8ER AND W. O. MILLIGAJJ 

The question of the so-called stannic acids and the existence of definite 
hydrates of stannic oxide have been the subject of repeated investigations 
from the time of Berzelius to the present. The colloidal nature of the so-called 
stannic acids was investigated by van Bemmelen, 1 and by Mecklenburg 2 who 
concluded that the a and 0 acids were both hydrous oxides differing from each 
other in the size of the particles. This same conclusion was reached by one of 
us 1 ten years ago. Investigations made at that time showed that there was no 
definite dividing line between the two preparations, and that the 0 oxide 
consisted of the larger particles. Gutbier, Hiittig, and Dobling 4 concluded 
from pressure-temperature curves that no definite hydrates 6 were formed. 
The x-ray diffraction patterns of their various samples as well as those of 
Mecklenburg which had aged for several years, showed that the original 
hydrous oxide was apparently amorphous and that the aged products ex¬ 
hibited a gradual formation of a crystal lattice identical with the mineral 
cassiterite, Sn 0 2 . X-radiograms made by Yamada 6 of several different prepa¬ 
rations, 7 all revealed a structure identical with the anhydrous stannic oxide. 
Further x-radiograms of the so-called a and 0 stannic acids were made by 
Posnjak 8 who demonstrated clearly that the structure of both is identical 
with the anhydrous oxide; and that the difference in the two oxides is due to a 
difference in particle size, the 0 being the larger. This is in accordance with 
the observations of Mecklenburg and of Weiser. Hydrous Sn 0 2 was dried in a 
vacuum over P 2 0 6 by Forster 9 who concluded from x-ray data that the prod¬ 
ucts obtained had the structure of cassiterite. X-radiograms of the fresh gel 
and the products resulting from the ageing and heating of colloidal Sn 0 2 
were obtained by Bohm. 10 His published photographs show clearly the gradual 
increase in particle size from the original hydrous oxide to the anhydrous 
Sn 0 2 , the lattice in all cases remaining identical with that of cassiterite. 

In view of all the apparently conclusive evidence that is available, it would 
appear that the question of the nature of the so-called stannic acids should be 

1 “Die Absorption,” 54 (1910). 

* Z. anorg. Chem., 74 , 207 (1912). 

* Weiser: J. Phys. Chem., 26 , 654 (1922). 

4 Ber., 59 , 1232 (1926). 

1 Cf., however, WiUstatter and Kraut: Ber., 59 , 2541 (1926). 

1 J. Chem. Soc. Japan, 44 , 210 (1923). 

7 Rose: Pogg. Ann., 75 , 1 (1848); Engel: Ann. Chira. Phys., (3) 12,463 (1844); Graham: 
Pogg. Ann., 123 , 538 (1864): Schneider: Z. anorg. Chem., 5 , 82 (1894); Zsigmondy: Ann., 
301 , 361 (1898}; Collins and Wood: J. Chem. Soc., 121,441 (1922). 

* J. Phys. Chem., 30 ,1073 (1926). 

1 Physik. Z., 28 , 151 (1927). 

10 Kolloid-Z., 42 , 283 (1927). 
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considered a settled one; but such is not the case. In a recent investigation 
Thiessen and Koemer 1 claim that a stannic oxide gel prepared by the slow 
hydrolysis of stannic ethylate gives pressure-temperature and composition- 
temperature curves that indicate the formation of a series of hydrates. From 
pressure-composition data the following hydrates are claimed: 2Sn0 2 *5H 2 0; 
Sn0 2 *2H 2 0, 4Sn0 2 *7H 2 0 and 2Sn0 2 *3H 2 0 and from temperature-composition 
curves; Sn 0 2 H 2 0 and 2Sn0 2 H 2 0. X-radiograms of the several preparations 
were made, but no definite results were obtainable by this method. It was 
claimed that the lattice undergoes a slight expansion as the water content 
decreases; 2 but that the “strong diffuse blackening” of the film renders im¬ 
possible the making of exact measurements. 

Experimental 

In view of the theoretical significance of the existence or non-existence of a 
series of Sn 0 2 hydrates, it is the purpose of the present paper to consider (i) 
the dehydration of stannic oxides at temperatures which are said to give 
definite hydrates; and (2) the examination of these reputed hydrates by x-ray 
diffraction methods. 

I. The Thermal Dehydration of Hydrous Stannic Oxide. 

A. Stannic Oxide prepared by Thiessen and Koerner’s Method 

Preparation of Oxide. The stannic oxide was prepared according to the 
procedure outlined in detail by Thiessen and Koemer. Sodium ethylate made 
by adding metallic sodium to absolute alcohol was allowed to react with an 
anhydrous SnCl 4 solution in absolute alcohol in accord with the following 
equation: SnCl 4 + 4NaOC 2 H & —> Sn(OC 2 H 5 ) 4 + 4NaCl. All reactions were 
carried out with extra precautions to prevent the entrance of water vapor into 
the apparatus or solutions. The resulting mixture of stannic ethylate and 
NaCl was digested on a water bath, and finally the NaCl was filtered off. An 
amount of the alcoholic solution of ethylate equivalent to 25 g of anhydrous 
Sn 0 2 was added to 5 liters of absolute alcohol. The resulting solution was 
allowed to stand with occasional stirring in a flask with a neck 5 cm in diame¬ 
ter. Moisture from the air hydrolyzed the stannic ethylate, the process being 
complete in 26 days. The gelatinous precipitate of Sn 0 2 was filtered off, 
washed with 1 liter of 96% alcohol in 100 cc portions, dried with suction on a 
filter paper, and kept in a glass-stoppered bottle until used. 

Rate of Dehydration. The Sn 0 2 gel made by the above method consists of 
Sn 0 2 alcohol, and water. Thiessen and Koemer obtained a composition- 
temperature curve by heating a sample at definite temperatures for 15 
minutes over CaCl 2 . The resulting curve is shown in Fig. 1. The breaks in 
the curve are indicative of the formation of the definite hydrates Sn 0 2 *H 2 0 
and 2Sn0 2 H 2 0. 

It would not be expected that an equilibrium state would result from heat¬ 
ing the samples for only 15 minutes, and Thiessen and Koemer give no data to 

1 Z. anorg. Chem., 195 , 83 ( 1930 - 

* Cf. Forster: Physik. Z., 28 , 151 (1927). 



HARRY B. WEI8ER AND W. O. MILLIGAN 


I«4 



Fiq. i 

Temperature-Composition Curve of Stannic Oxide (after Thiessen and Koemer) 

show whether or not this is the case. It was thought desirable to determine 
the time required for equilibrium at a given temperature before proceeding to 
obtain the composition-temperature curve. To do this a sample was placed in 
an electric oven with the temperature adjusted to so°C. The sample was re¬ 
moved at intervals, allowed to cool, weighed, and the heating continued. The 
resulting curve showing the relation between composition and time of heating, 
iB given in Fig. 2. It will be observed that about 8 hours is required to attain 
equilibrium at the temperature stated. As would be expected, equilibrium is 
established more rapidly at higher temperatures; thus at 160°, 2 or 3 hours is 
sufficient. 



Time, Hours 
Fig. 2 


Rate of Dehydration of Stannic Oxide at 50*0 
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The form of the time-composition curve is what would be expected from a 
material containing water and a little alcohol: the rate of drying is quite rapid 
at first and then falls off, decreasing to a relatively low value before the com¬ 
position becomes constant. This means that, at first, alcohol and some of the 
water comes off followed by the greater portion of the water leaving the last 
trace of water which, as is well known, is very difficult to remove. 

The Composition-Temperature Curve. In the light of the above experiments 
a composition-temperature curve was obtained, taking care to heat the sample 
at each temperature for at least 12 hours to ensure the establishment of equilib¬ 
rium. Two samples were taken: the first was allowed to cake into a lump as 
the heating proceeded, and the second was pre-dried enough to allow it to be 
powdered. The samples were placed in weighing bottles, and heated to con¬ 
stant weight over calcium chloride at a definite temperature, after which the 
temperature was raised and the heating continued as before. The dehydra¬ 
tion was carried out in a thermo-regulated electric oven, the temperature of 


Table I 

The Thermal Dehydration of Thiessen and Koerner’s SnO* 

Not powdered _Powdered 


Temperature 

Weight of 

Sn 0 2 

Weight of 

SnOj 

°C 

sample 

% 

Sample 

% 


g 


g 


39-6 

0.9073 

8325 



40.6 

0.9069 

83.29 



48.4 

0.8997 

83-95 



56.3 

0.8933 

84.56 



60.2 

0.8899 

84.88 



63.6 

0.8857 

85.28 



67.8 

0.8753 

86.29 

0.3996 

86.13 

69.8 

0.8735 

t- 

vO 

OO 

0.3989 

86.28 

74-5 

0 

00 

0 

86.75 

0.3971 

86.67 

78.6 

0.8690 

86.92 

0.3964 

86.82 

81.6 

0.8674 

87.08 

0-3953 

87 .06 

85.7 

0.8671 

87.II 

0 - 395 © 

87-13 

90.0 

0.8654 

87.28 

0.3943 

87.29 

95-4 

0.8637 

87-45 

0-3935 

87.46 

100.4 

0.8598 

87.85 

0.3916 

87.89 

104.7 

VO 

VO 

00 

O 

88.O9 

0.3908 

88.07 

110.0 

0.8549 

88.35 

0.3894 

88.38 

116.0 

0.8540 

88.45 

0.3889 

88.50 

120.0 

0.8536 

t 

00 

00 

0.3888 

88.52 

1235 

08531 

88.54 

0.3887 

88.54 

132.3 

O.851O 

88.76 

0.3870 

88.93 

143-2 

0.8465 

89.23 

0.3847 

89.46 

x 54 .o 

0.8423 

89.68 

03833 

89.79 

202 .0 

O.8283 

91.19 

0.3780 

91-05 
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which remained constant within 0.5°. For temperatures below ioo° a ther¬ 
mometer was used that had been calibrated against a standard thermometer 
checked by the Bureau of Standards. Above ioo° an accurate thermometer 
was employed which had been checked at points below ioo° against the stand¬ 
ard thermometer. The results obtained are given in Table I and in Fig. 3. 



Temperature-Composition Curve of Stannic Oxide prepared 
by Hydrolysis of Stannic Ethylate 

B. Alpha and Beta Stannic Oxides 

For purposes of comparison dehydration curves were obtained for samples 
of the so-called a and /8 stannic oxides. A sample of a oxide was prepared by 
the addition of a slight excess of ammonium hydroxide to a solution of SnCU. 
The resulting gelatinous precipitate was washed by centnfugmg, and finally 


Table II 

The Thermal Dehydration of Alpha and Beta SnO* 
_ Alpha _ _Beta 


Temperature 

°C 

Weight of 
sample 
g 

Loss in 
weight 

Vo 

Weight of 
sample 
g 

Loss in 
weight 

Vo 

39 6 

1 8620 

0 0 

3 7966 

0 0 

49 0 

1 7980 

4 33 

3 7395 

1 50 

59 4 

17267 

7 27 

3 6398 

4 13 

69 1 

x 6944 

8 95 

3 5863 

5 54 

8o>3 

I 6698 

10 32 

3 5422 

6 70 

89 6 

I 6511 

n 33 

3 5166 

7 38 

99 6 

I 6317 

12 42 

3 4938 

7 98 




X-RAY STUDIES ON THE HYDROUS OXIDES 


187 


air-dried until it could be powdered. The oxide was prepared by treating 
pure metallic tin with concentrated HNOg, washing and drying the resulting 
product in the air. The dehydration of both samples was carried out according 
to the procedure given above. The results are given in Table II and in Fig. 4. 
The percentage loss in weight of Thiessen and Koerner’s stannic oxide was cal¬ 
culated at each temperature and the results shown in the third curve of Fig. 4. 

The significance of the curves obtained from the various preparations will 
be discussed after a consideration of the results found by an x-ray examination 
of the alleged hydrates of Thiessen and Koemer. 



Fig. 4 

Temperature-Composition Curves of the So-called Alpha and Beta Stannic Oxides 

II. X-Ray Examination of Thiessen and Koerner’s Stannic Oxide . 

Separate samples of SnO* prepared by the method of Thiessen and Koemer 
were heated to temperatures that should give definite hydrates according to 
the composition-pressure and composition-temperature curves of these investi- 


Table III 

X-Ray Diffraction Data for Dehydrated Sn(>2 


I 

25” 


2 

36 ° 


£ 


D 

I 

D 

T 

D 

T 

3-35 

10 

3-37 

8 

3-40 

8 

2.65 

10 

2.65 

10 

2.64 

10 

1.78 

10 

00 

M 

10 

1.77 

10 

1 *43 

5 

1.44 

5 

i -43 

5 


•S- 


5 

160 


6 

Cassiterite 

D 

I 

D 

I 

D 

I 

335 

8 

3 35 * 

9 

3-40 

IO 

2 .63 

*9 

2.65 

10 

2 .67 

10 





235 

5 

1.78 

10 

1.77 

10 

1.77 

10 

i -43 

4 

1 *44 

5 

1 -43 

7 





1*32 

2 





1.21 

5 





1.16 

2 





1.10 

4 





VO 

O 

M 

1 




jgg HARRY B. WEISER AND W. O. MILLIGAN 

gaton. The following temperatures were chosen: 25°, 36°, 50®, 90°, and 160®. 
Spe cimens of the heated samples were sealed in tubes of “nonex” glass (a spe¬ 
cial glass made of materials of low atomic weight) and x-radiograms made by 
the powder method in the usual manner, using a General Electric x-ray dif¬ 
fraction apparatus. In each case the pattern of NaCl was obtained on the 
same film for purposes of calibration. The interplanar spacings and the visu¬ 
ally estimated relative intensities are given in Table III and in chart form in 
Fig. 5. The a paoin gH are in Angstrom units and the intensities on such a scale 
that the most intense line is designated as 10. 



X-Ray Diffraction Patterns for Stannic Oxides: Thiessen and Koerner's Preparations 
dehydrated at (i) 25°C, (2) 36°C, (3) 50°C, (4) 90°C, and (5) i6o°C, (6) The Mineral SnOi. 

« 

Discussion of Results 

Composition-temperature curves of hydrous stannic oxide have previously 
been obtained by Camelley and Walker 1 and by van Bemmelen. 2 The smooth 
curves obtained by these investigators were quite similar to those for the a and 
/3 stannic oxides, shown in Fig. 4. The curve obtained from the preparation of 
Thiessen and Koerner is similar except for a change in its direction at about 
60-70°. The reason for this is obvious when it is recalled that the material 
consists of SnOi, water, and a little alcohol. The odor of alcohol is still ap¬ 
parent in a sample that has been heated to 40° and there is no question but 
that traces of alcohol persist at least up to the boiling point. As has been seen, 
samples of SnO« containing only water give a smooth, continuous curve. 
Samples containing alcohol but no water would be expected to give a curve of 


1 J. Chem. 80c., 53 , 83 (1888). 
1 "Die Absorption," 54 (1910). 
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the same type but would reach the maximum sooner. In the case under con¬ 
sideration, in which both loss of alcohol and loss of water are superimposed on 
the same curve, the two effects added together algebraically would be expected 
to give a curve of the shape found experimentally to hold. Since Thiessen and 
Koerner did not allow sufficient time for equilibrium to be established, the 
breaks in their curves are without significance so far as hydrate formation is 
concerned. This point has already been adequately discussed by Posnjak in 
connection with similar results of Willstatter and Kraut. 

Since the crystal structure of all the products formed at various tempera¬ 
tures is identical with the mineral cassiterite, Sn 0 2 , with respect to the posi¬ 
tion and relative intensity of the lines on the x-radiograms, no definite hydrates 
of SnOi are actually formed. The only difference in the diffraction effects is 
that the size of the particle, as indicated by the width of the lines in the prod¬ 
ucts obtained by dehydration, are smaller than those which compose the 
mineral cassiterite. It should be noted from Table III and Fig. 5, that the 
interplanar spacings do not change (within the expected experimental error for 
such wide lines) with varying amounts of water, as would be the case if the 
Sn 0 2 and water formed a solid solution. This shows that the water must be 
adsorbed on the surface of the finely-divided crystals. 

Hydrous Sn 0 2 , whether in the so-called a or (3 form or as prepared by the 
method of Thiessen, consists of very small crystals of Sn 0 2 which adsorb water 
or both water and alcohol in the Thiessen preparation. When the latter ma¬ 
terial is dehydrated, at temperatures up to about 60-70° most of the alcohol 
and some of the water is driven off; at temperatures above this point where 
little alcohol is left, the dehydration proceeds in a uniform manner as in the 
case of the familiar a and £ preparations. 

Thiessen and Koerner found that the general blackening of the film upon 
which the x-ray diffraction patterns were recorded precluded accurate measure¬ 
ments, and concluded that the method was not suitable for distinguishing the 
presence or absence of hydrate formation. No such difficulties are encoun¬ 
tered, however, when the proper exposure is made, and a special glass of low 
atomic weight is used. It is true, of course, that the broad, diffuse lines cannot 
be read with the accuracy obtainable on sharper lines; nevertheless all lines 
recorded in Table III are clearly visible on the original negatives. 

Summary 

The results of this investigation are as follows: 

1. Hydrous stannic oxide has been prepared by the hydrolysis of stannic 
ethylate according to the method of Thiessen and Koerner, who claim that a 
series of definite hydrates of SnO* results from the thermal dehydration of this 
material. 

2. Composition-temperature curves have been obtained under conditions 
that ensure the establishment of equilibrium. The curves are smooth indicat¬ 
ing the absence of hydrate formation. Breaks in the curves of Thiessen and 
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Koerner were due to their failure to allow sufficient time for equilibrium to be 
established under a given set of conditions. 

3. X-radiograms of preparations obtained by dehydration at definite 
temperatures, show that no definite hydrates are actually formed, the several 
products consisting of SnOj of varying particle size with varying amounts of 
adsorbed water. This confirms the observations of Gutbier, Hiittig, and Dob- 
ling; Posnjak; Yamada; Weiser; and others. 

4. The claim of Thiessen and Koerner, that the x-ray diffraction method 
is not suitable for determining the presence or absence of hydrates, has been 
shown not to be valid; on the contrary, when the proper precautions are taken 
the results are definite and conclusive. 

The Rice Institute , 

Houston , Texas. 
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III. Stannous Oxide 


BY HARRY B. WEISER AND W. O. MILLIGAN 

Historical 

Anhydrous Stannous Oxide . Stannous oxide was prepared by Berzelius 1 , by 
the addition of K 2 C 0 3 in excess to a solution of stannous salt. Gay Lussac 2 3 
obtained a hydrous precipitate with NH 4 OH, and dehydrated this material by 
boiling under water until a black SnO appeared. Ditte 8 stated that the pres¬ 
ence of NH4OH prevented the alleged transformation to the anhydrous oxide; 
however if the NH 3 is boiled off, the dehydration proceeds. An excess of alkali, 
insufficient to dissolve the oxide, favors the transformation. 4 * Sandall 6 pre¬ 
pared a black form of SnO by grinding fused SnCl 2 with Na^COs * ioH 2 0. The 
blue-black oxide of Berzelius became brownish-green when pounded or 
ground. Upon heating, an olive-green color developed. 6 Fr6my evaporated a 
dilute solution of NH 4 C 1 in which precipitated SnO was suspended; when crys¬ 
tals of NH4CI appeared, the hydrous material was said to change to a cinnabar- 
colored powder which was transformed to greenish-brown upon rubbing with a 
hard body. Roth 7 obtained a red oxide by digesting the hydrous material with 
CH3COOH; but Bury and Partington 8 were unable to prepare this form. 
Frankel and Snipischsky 9 added NaOH to a solution of SnCl 2 ; the white pre¬ 
cipitate was transformed into a blue powder when boiled for several hours on a 
bath of saturated NaCl solution. Fr£my believed that three modifications of 
SnO exist, namely: (1) the blue-black, crystalline oxide made by digesting 
hydrated SnO with excess alkali, (2) the olive-green powder obtained by heat¬ 
ing the black modification, and (3) the cinnabar-colored powder resulting from 
the slow evaporation of a suspension of precipitated SnO in a dilute NH 4 C 1 
solution. 

Precipitated Stannous Oxide. The precipitate obtained by the interaction 
of solutions of stannous salts and an alkali has been formulated Sn(OH) 2 , al¬ 
though there is no evidence that such is the case. Proust 10 found that an excess 
of K 2 C 0 3 gave a white precipitate containing 5% water. Schaffner 11 believed 

1 Gilbert's Ann., 42 , 284 (1812); Pogg. Ann., 28 , 443 (1833); Ann. Chim. Phys., (1) 87 , 
50 (1813); (2) 5 , 149 (1817). 

2 Ann. Chim. Phys., (2) 1, 40 (1816). 

3 Ann. Chim. Phys., (5) 27 , 145 (1882); Compt. rend., 94 , 792, 864 (1882). 

4 Nordenskjold: Pogg. Ann., 114 , 612 (1861). 

6 Phil. Mag., (3) 12, 216 (1838). 

6 Fr&ny: Ann. Chim. Phys., (3) 12, 460 (1844); 23 , 385 (1848). 

7 Ann., 80 , 214 (1846). 

8 J. Chem. Soc., 121, 1998 (1922). 

9 Z. anorg. Chem., 125 , 235 (1922). 

10 J. phys., 51 ,173 (1800); 61,338 (1804); Ann. Chim. Phys., (1)28,213 (1798); Nicholson's 
J., (1) 2,515 (1798); (2) 14 ,38 (1806). 

11 Ann., 51 , 174 (1844). 
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that NH4OH gave a basic salt. K 2 CO s was said to give a precipitate that had 


the composition 2Sn0-H*0 when dried below 8o°C. 



Table I 


Precipitated 
from SnCIt by 

Color 

Dried 

Composition 


- 

% water 

NaOH 

Yellow tinge 

Vacuum, P 2 0 6 , 14 da 

7.11 

Na»CO» 

Yellow tinge 

CaCU + P* 0 6 + KOH, 




14 da 

8-54 

NH.OH 

NH.OH (CO, 

Yellow, dried 

p 2 o 6 

8.32 

atmosphere) 
Na,CO, (CO, 

Yellow, dried 

P2O5 

8.82 

atmosphere) 

Yellow tinge 

Vacuum, P2O5, 14 da 

7.4 

NaOH + Na,CO, 

— 

1 io°C air bath 

2-5 


Ten years ago Bury and Partington 1 investigated the hydrous precipitate 
prepared in several ways; the various methods used are listed herein as Table I. 
These investigators concluded that all samples were the same except the last, 
and that the composition was 3SnO • 2H2O. It was observed, 2 that when pre¬ 
cipitated SnO stood in a glass vessel, the portion in contact with the glass 
darkened. Bury and Partington attributed this to the action of traces of alkali 
on the surface of the glass, since it is well known that excess alkali favors the 
transformation to the blue-black oxide. This view was apparently substan¬ 
tiated by the observation that samples kept in silica tubes did not blacken. 

Brown and Henke 8 treated SnCl* solution in a glass cylinder with Na 2 C 0 8 . 
The first preparation was white when precipitated and slightly yellow when 
dried. Subsequent precipitates darkened before washing was complete. The 
blackening was said to begin along the sides of the glass cylinder in streaks co¬ 
incident with scratches on the glass caused by a stirring rod. Washing with 
concentrated HOI had no effect, but treatment with NaOH prevented further 
blackening of the precipitate. Brown and Henke believed that the first black 
particles act as catalysts to produce further blackening, but offer no explana¬ 
tion as to the formation of the initial particles. The theory of Bury and Part¬ 
ington would have predicted that treatment with alkali would produce more 
rather than less blackening. It is probable that some other factor is entering 
in. This is suggested by Roth’s observation that one of his preparations 
rapidly turned black upon exposure to sunlight. 

The present investigation includes (1) an examination of the various modi¬ 
fications of SnO by x-ray diffraction methods in order to determine whether the 
differences in color and other properties are due to the existence of polymor¬ 
phic forms of SnO, to varying particle size, or to some combination of these 
effects; (2) a study of precipitated SnO to find out whether it is a hydrous 
oxide or a hydrous hydrate; and to determine the conditions that effect the 
blackening. 


1 J. Cham. Soc., 121, 1998 (1922). 

* Cf. Ditte: Loc. cit. 

• J. Phys. Cham., 27 , 739 (1923)* 
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Experimental 

Anhydrous Stannous Oxide . 

A. Blue-black a-SnO. A solution of 25 g of SnCl* • 2H2O in 200 cc of water 
was cleared up with HC 1 and 20 g of NaOH in 200 cc of water was added. A 
white or faintly yellow precipitate formed which turned to a blue-black powder 
upon heating to boiling. This powder was washed thoroughly by decantation 
and was dried for 18 hours at iio°C. 

B. Brownish-green a-SnO. A portion of A was ground in an agate mortar; 
this treatment gave a brownish-green powder. 

C . Greyish-green &-SnO. Another portion of A was heated in a vacuum in 
a pyrex tube. At about 55o°C the blue-black crystals were transformed to a 
greyish-green powder. 


ir- 
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/9-SnO from 2 H 11 O HjO 
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Fig. i 

X-Ray Diffraction Diagrams of Stannous Oxides and Stannous Oxide Hemihydrate 

Attempts to prepare the red forms of Roth and of Frfany were unsuccessful, 
in confirmation of the results of Bury and Partington. 

Samples of each of the above described preparations were sealed in nonex 
glass tubes, and x-ray diffraction photographs were obtained using the General 
Electric X-Ray Diffraction Apparatus. Pure NaCI was used to calibrate the 
film. The results are given in Table II and Fig. i. The interplanar spacings 
D = d hk i/n are expressed in Angstrom units; and the relative, estimated inten¬ 
sities, I, are expressed on such a scale that io means the most intense line on a 
given film. The pattern obtained from the a-SnO corresponds to a tetragonal 
structure of the PbO type 1 with a 0 = 3.78 A and c„ = 4.79 A. The calculated 
density is 6.51. The results are almost identical with the values found by 
Levi, 2 who obtained a Q — 3.77 A and c 0 = 4.77 A. The pattern of j8-SnO was 
not studied further. The results indicate that SnO exists in two polymorphic 

1 Dickinson and Fnauf: J. Am. Chem. 80c., 46 , 2457 (1924). 

2 Nuovo Cimento, (8) 1, 335 (1924); 3 , 114 (1926); cf. Wyckoff: “The Structure of 
Crystals,” 228 (1931). 
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Table II 

X-Ray Diffraction Data for Anhydrous and Hydrated SnO 

Sample 

A AB C D E F 


o-SnO 0-8nO 2 SnOHjO 2Sn0*H 2 0 a-SnO 

_ Air-dried Dried no°C from 2S11OH2O 



D 

1 


D 

1 


D 

I 


D 

I 

- 

D 

I 

4 

79 

4 

3 38 

10 

3 

53 

10 

3 

52 

10 

4 

79 

4 

2 

96 

10 

2 

99 

5 

3 

32 

10 

3 

32 

10 

' 3 

37 

2 

2 

68 

5 

2 

92 

5 

2 

99 

10 

2 

98 

9 

2 

97 

10 

2 

40 

3 

2 

88 

9 

2 

82 

9 

2 

79 

9 

2 

68 

5 

1 

890 

4 

2 

66 

9 

2 

64 

1 

2 

5 i 

4 

2 

40 

3 

I 

787 

7 

2 

08 

1 

2 

51 

4 

2 

40 

4 

1 

90 

4 

I 

595 

9 

2 

02 

4 

2 

40 

4 

2 

27 

3 

1 

795 

7 

1 

482 

8 

1 

769 

8 

2 

27 

3 

1 

925 

5 

1 

S 95 

9 

I 

369 

1 

1 

6 75 

2 

1 

025 

5 

1 

77 i 

5 

1 

489 

8 

I 

336 

2 

1 

595 

2 

1 

776 

5 

i 

691 

1 

1 

339 

2 

I 

220 

1 

1 

496 

2 

1 

690 

1 

1 

624 

1 

1 

221 

j 

I 

195 

1 

1 

414 

2 

1 

625 

1 

1 

575 

1 

1 

168 

3 

1 

165 

3 

t 

294 

2 

] 

57 2 

1 

1 

466 

1 

1 

100 

1 

I 

099 

1 

1 

204 

2 

l 

406 

1 

1 

405 

1 

1 

074 

2 

I 

072 

2 

1 

096 

2 







1 

026 

2 

I 

025 

2 










0 

993 

1 

I 

018 

1 










0 

899 

1 

O 

992 

1 










0 

882 

1 

O 

932 

1 










0 

847 

1 

0 

900 

1 










0 

838 

j 

O 

879 

1 










0 

802 

1 

O 

872 

1 










0 

750 

1 


o 850 1 

o 839 1 

o 798 1 

o 749 1 

0.712 1 

forms: a-SnO, the blue-black tetragonal form which is brownish-green when in 
a finely-divided state; and 0-SnO, the greyish-green modification prepared by 
heating the a-SnO to above 55o°(\ 

Hydrous Hydrated Stannous Oxidi . 

Stannous oxide hydrate was precipitated from a freshly prepared and fil¬ 
tered HC1 solution of SnOl* by the addition of NH 4 OH. Upon the addition of 
the NH 4 OH the temperature rose from that of the room to about 6o°C. The 
white or faintly yellow colored, hydrous precipitate was washed first with am¬ 
monia and then with water by centrifuging at 3000 r.p.m. until peptization 
began. A very stable sol resulted before the precipitate was chloride free; 
centrifuging for over an hour at 3000 r.p.m. failed to produce coagulation. 
Accordingly, further purification was carried out by washing with a super- 
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centrifuge at 36000 r.p.m. After repeated washing only a trace of chloride re¬ 
mained. The precipitate was then air-dried until it could be powdered, and a 
sample was placed in a weighing bottle and was dehydrated by heating in an 
electric oven in a stream of dry nitrogen, which was purified by passing through 
a heated pyrex combustion tube containing copper freshly reduced by hydro¬ 
gen from cupric oxide wire. The nitrogen was not rendered completely oxy¬ 
gen free, since continued heating at high temperatures resulted in some oxida¬ 
tion of the oxide. However oxidation is negligible in the temperature range 
for which results are reported. The isobaric temperature-composition curve 
that was obtained with three separate samples is plotted in Fig. 2. The compo- 


<S 



8 Temper a+ure,*C 

Fig. 2 

Composition-Temperature Curve of Stannous Oxide Hemihydrate 

sition when dned in the manner described at 5o°C was found to be, % SnO: 
observed 93.70, 93.71, 93.74; calculated for 2SnO H 2 0 , 93.74. It is apparent 
from the form of the curve that the hydrated SnO has the composition cor¬ 
responding to the hemihydrate, 2SnO *H 2 0 . As the dehydration proceeds, the 
sample becomes decidedly yellow by the time the temperature reaches ioo°; 
at higher temperatures a grey or green color appears. The change in color 
from the white or faintly yellow to the permanent deeper yellow, is a continu¬ 
ous one. The nature of this change will be discussed in the second paragraph 
following. 

X-radiograms were obtained for the following samples: D, 2Sn0*H 2 0, air- 
dried; E y 2Sn0 H 2 0 , dried at no 0 ; and F , a-SnO prepared by heating 2SnO - 
2H2O to about 400° in a vacuum. The results are given in Table II and Fig. 1. 
For purposes of comparison, G, the pattern of Sn 0 2 is also included in F'ig. 1. 
It will be observed that the crystal structure of the hemi-hydrate is different 
from either the a-SnO or the / 3 -SnO, and that the product of thermal decompo¬ 
sition is a-SnO, provided the temperature is kept below 55o°C, the transition 
temperature for the a to 0 transformation. 

Since the x-radiograms for hemi-hydrate dried in the air and at 1 io° are the 
same, the change in color from white or faintly yellow to decidedly yellow, can- 




196 HAKttY B. WEI8ER AND W. O. MILLIGAN 

not be due to isomerism; but must be due to a change in particle size or physi¬ 
cal character. From the width of the lines on the x-radiograms, it appears that 
the deep yellow material has the larger particles. Thus crystal growth takes 
place as the hemi-hydrate is heated. 

Blackening of Hydrated SnO on Exposure to Light . Stannous chloride in 
slight excess was treated with NH4OH in a pyrex flask in the dark. Test tubes 
were filled with portions of the suspension and stoppered and^aged as given in 
Table III. The samples exposed to light were left in a test-tube rack in ordi¬ 
nary daylight. The others were kept in a closed cupboard in a dark room, and 
were examined at intervals. Inspection of Table III makes it clear that the 

Table III 

Color after 

Container_ Kept in dark _ _ Exposed to light _ 

5 min. 2 hrs. 1 wk. 2 wks. 5 min. 2 hrs. i,wk. 2 wks. 

Soft glass white white white white white grey green-grey green 

Pyrex white white white white white grey green-grey green 

Fused silica white white white white white grey green-grey green 

nature of the containing vessel has little or nothing to do with the darkening; 
but that it is caused by the action of light. In order to test further the effect of 
light and the effect of the nature of the surface of the containing vessel, another 
experiment was carried out. Hydrated SnO was precipitated from a slight ex¬ 
cess of SnClj by NH 4 OH in a pyrex flask in diffused daylight. Within 5 min¬ 
utes after precipitation, samples were placed in soft glass cylinders treated as 
in Table IV. 


Table IV 

Color after 




Exposed to light 

Kept in dark 


Time 

New cylinder 

Scratched cylinder 

New cylinder 

Scratched cylinder 


washed with 

washed with 

washed with 

washed with 


IIC1 

NaOH 

HC1 NaOH 

HC1 NaOH 

H& 

NaOH 

5 min. 

white 

white 

white white 

white white 

white 

white 

15 min. 

grey 

grey 

grey grey 

white white 

white 

white 

1 da. 

green 

green 

green green 

white white 

white 

white 

3 da. 

green 

green 

green green 

white white 

white 

white 

1 wk. 

green 

green 

green green 

white white 

white 

white 


The coloration begins on the side of the glass nearest the most intense il¬ 
lumination. In each of the above described series of experiments, a portion of 
each precipitate was made alkaline with NH 4 OH and allowed to stand in the 
light in a pyrex flask. Only slight darkening takes place, and the original 
white or faint yellow may become slightly deeper. As is well known, a solution 
of SnCl« in dilute HC 1 hydrolyzes, precipitating out a white, creamy substance 
upon standing. Since in the experiments described, an excess of SnClj is pres¬ 
ent, one would expect the same thing to happen; and such is the case. How¬ 
ever, there is no danger of confusion as to color, as the deposit forms in a 
separate thin, upper layer. 
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Two samples (not included in the tables) one with a slight excess of SnCl 2 
and the other with a slight excess of NH4OH, after standing several weeks, con¬ 
tained some blue-black crystals which were proven by microscopic and x-ray 
examination to be a-SnO. It is apparent that the blackening process consists 
of a transformation of the white or faintly yellow 2SnO*H a Ofirst to anhydrous 
a-SnO in the finely-divided greenish-brown form, and second to blue-black 
a-SnO as the particles increase in size. This dehydration is accelerated by the 
action of light, especially in the absence of free ammonia. The nature of the 
containing vessel and its surface is of minor if not of negligible importance. 
The failure of Bury and Partington to observe darkening in silica was probably 
due to their use of an opaque vessel. 

Summary 

The following is a brief summary of the results of this investigation. 

1. Stannous oxide has been found to exist in two polymorphic forms: 
a-SnO which is blue-black in large crystals and brownish-green when powdered; 
and j8-SnO which is greyish-green. The transition temperature from the a 
to the 0 form is approximately 55o°C. 

2. The crystal structure of a-SnO is tetragonal, of the PbO type with 
a 0 = 3.78 A and c 0 = 4.79 A. 

3. The precipitate formed by the interaction of solutions of a stannous 
salt and NH 4 OH has been found by a temperature-composition isobar and 
x-ray diffraction studies to be the hemihydrate, 2Sn()H 2 0. 

4. Stannous oxide hemihydrate is dehydrated into a-SnO by (a) the ac¬ 
tion of excess alkali, (b) the action of light especially in the absence of free 
ammonia, and (c) heating to temperatures above 120° and below 550°. 


The Rice Institute, 
Houston , Texas. 



THE SORPTION OF VAPORS ON WOOD AND CELLULOSE 


BY N. H. GRACE* AND 0. MAA8S 

The following study of vapor sorptions by cellulose and cellulose materials** 
makes use of a quartz spring balance suspended in an evacuated glass system. 
Advantages are claimed for the special technique employed. The results of 
water vapor sorption on various species of woods are given and compared with 
the sorption on cotton cellulose. The main feature of this paper, however, 
deals with the sorption of hydrogen chloride on cellulosic materials in the 
presence of previously absorbed water, because of the information this gives 
regarding the mechanism of sorption on such materials. The sorption of a 
number of other vapors is tabulated. 

The sorption of water vapor on cotton has been studied extensively in the 
Shirley Institute and in the Eastman Kodak Laboratories under the direction 
of Dr. Sheppard, their results are recognised by the authors as fundamental. 
Hence, allusions to determinations made with cotton may be taken as being 
for purposes of comparison. However, certain advantages are claimed for the 
experimental method described by the authors, which is unique (in this sense) 
that where adsorption or desorption values are determined, these are carried 
out at a constant vapor pressure in the case of water vapor. Furthermore, 
the small amount of sample which can be examined gives results which are 
believed to be more nearly absolute, and therefore more comparable with 
determinations of Sheppard and Newsome 1 who use the quartz spring balance 
although they do not use the same experimental procedure of maintaining 
constant vapor pressure. A comparison, however, of the results obtained by 
various experimenters and an explanation of differences obtained, is to be 
left to another paper which will be published shortly. 

As in the case of the investigations carried out by Pidgeon and Maass , 5 
this paper must lie considered as striving to deal with data in a new field, that 
of the sorption of vapors on wood and of using sorption values on other 
cellulosic materials for purposes of comparison, in order to obtain information 
on the properties of cellulose as it exists in wood. 

The term sorption is used to indicate the amount of sorbed substance on 
the basis of percentage composition of the system. The term absorption is 
used to indicate the amount of sorbe i substance on the basis of percentage 
composition of the system when thi system previous to the determination 
contained a considerably smaller amo .nt of sorbed vapor. The term desorp- 

* The work described was carried out under the tenure of two scholarships granted by the 
National Research Council of Canada. 

** This research was carried out in the Institute of the Pulp & Paper Association as a part 
of “Penetration Studies" under the direction of Dr. Maass. It was also included in the re¬ 
search programme of the Forest Products Laboratory at Montreal. 

1 J. Phys. Chem., 35 , 1817 (1939). 

' J. Am. Chem. Soc., 52 ,1053 (1930). 
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tion is used to indicate the amount of sorbed substance on the basis of per¬ 
centage composition when the system previous to the determination contained 
a considerably larger amount of sorbed vapor. In the desorption values given 
for water vapor on wood the reader is referred to the article quoted in which 
the determinations are described in detail. 

Experimental 

Fig. i indicates the essential features of the system in which sorption 
occurs. Actually, several different units have been employed in this investiga¬ 
tion. These were modified to meet the particular requirements of special 
cases; there has, however, been no important variation in principle. 



Fig i 

The glass tubes C, D, and E , are removable, the-ground glass joints are 
indicated in the diagram. The tubes are about eleven inches in length, with 
an inside diameter of one inch. A small glass hook, sealed into the glass head, 
serves as a support for the quartz spring balance. These tubes have func¬ 
tioned in a satisfactory manner as containers for spiral and sample. No 
tendency to leak at the large ground-glass joint has been observed. In the 
case of the tubes most recently placed in service any possibility of leakage has 
been eliminated by the presence of a flange on the tube, this may be filled 
with mercury. Another improvement, not indicated in the diagram, is a 
change in the position of the connecting tube. By inserting this in the side 
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of the large tube the ground-glass top may be removed without removal of 
the thermostating bath. The diagram indicates three sorption chambers in 
series. In practice it has been found convenient to use as many as 6 of these 
together. This system was confined to a study of the water vapor equilibria 
of woods and cottons. 

The tube H contains water and serves as a source for vapor. It is sur¬ 
rounded by a Dewar flask maintained at a constant temperature, and thus 
the vapor pressure may be controlled. 

The oil manometer is shown M. The oil used is “Cenco Hyvac” pump 
oil, and has a density about 1/15 that of mercury, and also a negligible vapor 
pressure. This enables ready and accurate observation of the vapor pres¬ 
sures of water in the system. Where gases are used which require the mea¬ 
surement of greater pressures than can be indicated by this oil manometer, or 
with which chemical action n^ay occur, substitution is made for the oil mano¬ 
meter M, of a mercury manometer. This is capable of indicating pressures up 
to 80 cms. of mercury. 

The position of a phosphorus pentoxide tube G is indicated in the diagram, 
it is used in the determination of the dry weight of the sample. Further, the 
tube takes up water very readily, thus avoiding the actuation of the pumping 
system for the removal of small amounts of water vapor. 

The bath surrounding the sorption tubes is indicated by the heavy lines. 
The bath in use consists of a container with a flat plate glass surface. An 
aquarium, of suitable size to accommodate a battery of 6 sorption tubes, has 
been found quite satisfactory. The bath is equipped with a stirrer which en¬ 
sures rapid and thorough circulation. The heating element is controlled by 
a toluene mercury thermo-regulator through a relay. This regulates the 
temperature in a satisfactory manner, the maximum fluctuations being in the 
neighborhood of o.o2°(\ Further, a cooling coil of lead piping through 
which a variable stream of cold water circulates, permits the use of tempera¬ 
tures which are below those of the room, thus increasing the temperature 
range over which investigation may be conducted. 

The pumping system consists of a Langmuir mercury condensation pump 
backed by a Hyvac. The gas pressure in the system is determined by means 
of a MacLeod gauge which is capable of indicating pressures down to 0.0005 
mm of mercury. In all experiments the pressure is first lowered to at least 
0.001 mm before a run is commenced. 

Observation of the extensions of the quartz spring balance is made by a 
cathetometer. The instrument used is capable of giving readings accurate to 
0.02 mm. Spirals were constructed from quartz after the method of McBain 
and Bakr.* The spiral is calibrated throughout the working range by observ¬ 
ing the deflections caused by known weights. On the average a deflection of 
1 mm corresponds to a weight of 0.0030 g. Thus, with the particular cathe¬ 
tometer employed, a weight of 0.0001 g can be easily detected, and the total 
weight of a sample weighing o. 1 g can be determined accurately to within o. 1 %. 

4 J. Am. Chem. Hoc., 48 , 690 (1926). 
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Since the maximum differences observed are not greater than 30% of the total 
weight, the theoretical accuracy is well within 0.5% of the differences noted. 

The sample is dried by long evacuation in the presence of phosphorus 
pentoxide at a pressure of about 0.0005 mm mercury. After approxmately 12 
hours a constant weight is observed. This weight is arbitrarily considered as 
the “dry weight,” and the percentage increase due to sorption is always cal¬ 
culated on this basis. This point is completely reproducible, and may be 
checked several times, even after the sorption of water vapor. However, 
this reproducibility is not always found when other gases are used. It only 
holds when the sorbing system suffers no permanent change. 

The Sorption of Water Vapor 

The details of experiment and the results of water vapor sorption by 
cellulose and woods will be found in the Canadian Journal of Research. The 
following will merely touch on the most important conclusions of this work. 

An attempt was made to correlate the “variation in the sorption” of the 
various woods with some of their other physical properties, such as density 
and hardness, but without success. The most important generalization to be 
found, is the great similarity in the amount of sorption for all the woods, 
twenty in number, examined to date. The desorption isotherm was found to 
be the least variable property of the woods examined, its variation from wood 
to wood being small. 

It is of interest to note that of the 20 woods examined, in 11 the heartwood 
has the greater sorption, in 6 they are approximately the same, and in only 
^ is there distinctly greater sorption in the sapwood. This means that, as a 
rule the heartwood has a greater sorption than the sapwood. Below is given 
a table which contains average sorption values. From this it will be seen that 


Table I 

Average Desorption Values for Woods and Cottons -% Sorption 
Relative Humidity % 17 3 518 86 4 

Vapor Press, mm, Hg. 3 q 15 


Average Values for Twenty Species of Wood 


Sapwood 

4 90 

10 50 

19 

Heartwood 

5 20 

11 10 

20 4 

Average 

5.05 

10 80 

19.70 


Values for Extracted White Spruce 


Sapwood 

5-25 

10 70 

21.25 

Heartwood 

5 00 

10 10 

19. IO 

Average 

5-io 

10 40 

20 20 


Values for Cotton Cellulose 


Cotton (1). 

0 

GO 

S 70 

12 15 

Cotton (2). 

3 30 

6.85 

1330 
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the heartwood has a somewhat greater sorption than the sapwood on the 
average. 

The values obtained for extracted wood are for two samples which gave 
practically identical values. The extraction was carried out in a standard 
manner, refluxing for several days in i% sodium hydroxide in'an atmosphere 
of nitrogen. 

The desorption values for cotton (i) were determined bn a rag cotton 
obtained from Eastman Kodak Co., and which had been subjected to careful 
purification. The values for cotton (2) are the desorption values obtained 
by Urquhart andWilliams.* 



Fig. 2 

Sorption of Water Vapor 


Figs. 2 and i give a graphical representation including the data listed 
above. It is clearly shown that the extraction, which has removed all the 
carbohydrates, resins etc. and left only the cellulose and most of the lignin, 
has reduced the sorption by only very little. This reduction is, for the most 
part, in the region of high relative humidity, where the gross structure of the 
material plays a part. 

It follows definitely, that the experiments of Pidgeon and Maass 2 have 
been corroborated as far as these showed that the sorption of water vapor 
by wood is on a much greater scale than the sorption by cotton. This is true 
over the whole range of vapor pressures, both for the wood in its natural 
state, and for the extracted samples. 

The discussion of sorption values at 100^ relative humidity and at o ( ( 
humidity is left to another paper, although these are shown in the graphs. 
Sufficient to say here that these are extrapolated values and not to be com¬ 
pared with experimentally determined ones. 


* Shirley Institute Memoirs, 3, 197 (1924). 
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Sorption of Water Vapor 

The Sorption of Hydrogen Chloride by Wood and Cellulose 

When cellulose is brought into an aqueous solution of hydrogen chloride it 
hydrolizes, the cotton undergoes a marked change in physical properties. 
No measurements of the sorption of hydrogen chloride gas in cotton and wood, 
as far as the authors know, have been carried out. In view of the change 
mentioned above, such an investigation is of interest. 

It should, perhaps, be mentioned that most carefully prepared anhydrous 
hydrogen chloride was used. The gas was bubbled through 2 wash bottles of 
concentrated sulphuric acid, and finally over 2 phosphorus pentoxide tubes. 
This ensured a perfectly dry sample of gas coming into contact with the wood 
and cotton under investigation. 

The first experiments attempted were with a dry cotton, and it soon be¬ 
came apparent that equilibrium was only brought about after a very longtime. 
Below are the sorption values that were obtained. From the flattening out of 
the time curve they are supposedly equilibrium values, each is the result of a 
90 hours experiment. It is seen that quite appreciable amounts of HC 1 are 
absorbed. 


Sorption of Hydrogen Chloride by Cotton Cellulose . 
Equilibrium value at 5.40 cm press, of gas o 80%. 
Equilibrium value at 70.20 cm press, of gas 2.00^. 



Sorption against Time 

Time (hours) 

% Sorption 

Time (hours) ' 

17 

1.26 

70 

28 

1.49 

87 

52 

1.61 

94 

64 

1.83 



(Final gas pressure 70.20 cm. 

Temperature 2 2°C) 


Sorption 
1.90 
1 95 
1 95 
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On applying the vacuum, the HC 1 came off fairly readily until 0.80% was 
left. There had been little change in the appearance of the sample. Only at 
the higher HC 1 pressure did it take on a greyish tinge. On heating in vacuo, 
at 5o°0 the last trace of HC 1 was driven off, and the original weight of the 
sample was reached. It was judged that the HC 1 was absorbed by the cotton 
and could be desorbed, but the time required for equilibrium to be reached, 
made it impractical to carry out a detailed sorption isotherm. 

When the cotton was replaced by a sample of white spruce heartwood, it 
was found that equilibrium was established much more rapidly, only one third 



of the time being required. The equilibrium values for sorption are given 
below, and also the data for a typical time curve. Column 1 indicates that 2 
samples were used, and the sorptions obtained (col. 2) at various pressures 
of HC 1 (col. 3) are shown in Fig. 4 to lie on a smooth curve. To test out 
desorption sample 1, after having been maintained at a pressure of 76.90 cm 
was kept until equilibrium resulted at a pressure of 35.40 cm. This gave a 
desorption value of 8.97%, which it is seen, lies fairly well on the absorption 
isotherm, indicating that there is little or no hysteresis. This, of course, will 
have to be confirmed when time permits. In a vacuum the absorbed HC 1 
was taken out fairly rapidly until a residue of 2.24% was reached after 24 hours. 

The form of the isothermal sorption curve is apparently quite different 
from the sorption curve with water vapor, and approaches more nearly to the 
form of a Freundlich adsorption. It is true that in terms of relative vapor 
pressure—as far as HC 1 is concerned—it is only a small fraction of the satura¬ 
tion value that has been examined. But the criterion for similarity is found in 
the sharp upturn of the curve. Before discussing this phase any further it is 
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Sorption of Hydrogen Chloride by White Spruce. 


Sample 

% Sorption 

Pressure 
(cm Hg) 

Sample % Sorption Pressure 

(cm Hg) 

1 

338 

5-50 

2 10.71 76.90 

1 

7.60 

20.09 

Desorption Equilibrium Valu 

2 

9.40 

49.60 

1 8.97 35.40 

1 

10.37 

70.60 

2 7.01 16.00 


(Temperature 2 2°C) 


Sorption against Time 


Time (Hours) 

% Sorption 

Time (Hours) 

% Sorption 


2-54 

10 

6.02 

2 

4.08 

21 

6.72 

3 

4-43 

24 

6-93 

4 

5 23 

27 

7-32 

sH 

7 % 

5 • 53 

5-83 

(Final pressure 20.09 cm. 

3 i 

Temperature 22°C) 

7.42 

Desorption of Hydrogen Chloride against Time. 

(Initial value 10.71% HC 1 ) 


Time (Hours) 

% Sorption 

Time (Hours) 

( / () Sorption 

H 

8.57 

3 m 

4 83 

Vi 

7.67 

7 

3 13 

I 

6.82 

13 

2.74 


5-63 

2 iVi 

2.24 


worth considering the experiments carried out with wood samples containing 
a definite amount of water, because in these cases, also, sorption curves were 
obtained similar in character to that of hydrogen chloride in dry wood. 

The experimental procedure consisted in suspending a sample from the 
spiral and first of all bringing it down to dry weight. Then wa,ter vapor was 
brought into contact, until a desired amount of sorption had taken place. 
The stopcock, leading to the water bulb, was then closed, and HC 1 admitted 
to the desired vapor pressure. The latter was always many times that of the 
residual water vapor remaining in the apparatus, so that further absorption 
of water vapor could be neglected in comparison to the striking increase in 
sorption, which is to be discussed. A calculation shows that the maximum 
possible error due to all residual water being absorbed is in the order of 1/2% 
of the dry weight of wood, and it is very unlikely that this would be reached. 
The direction in which error would take place would be, of course, to give an 
added apparent sorption of HC 1 . As a matter of fact, the addition of HC 1 
will sweep any residual water vapor on to the walls of the containing vessel. 
This was made apparent in the case of highest water vapor pressure by the 
formation of a very fine mist. The experimental results follow. 
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Table II 

Sorption of HC 1 by White Spruce containing absorbed water 


<'< Ha 

% HCl 

% HCl 

V.P. (cm Hg) 


(held bv HjO) 

(in wood) 





(Amount of water absorbed by the wood . . 

.. 1.67%) 



s 38 

0 86 

4 52 


II 

60 

8 83 

1 04 

7 79 

* 

40 

60 

11 22 

1 16 

10 06 


74 

70 


(Amount of water absorbed by the wood . . 

• • 3 - 29 %) 



5 2 4 

1 64 

3 60 


5 

30 

6 Q 7 

1 73 

5 24 


11 

00 

8 40 

1 82 

6 58 


21 

30 

to 26 

2 IQ 

8 07 


40 

70 

11 24 

2 37 

8 87 


76 

00 


(Amount of water absorbed by the wood . 

• • S-°S%) 



10 50 

2 49 

8 01 


11 

70 

13 08 

3 °4 

10 04 


41 

00 

14 22 

3 36 

10 86 


73 

00 


(Amount of water absorbed by the wood . 

• • 7 - 46 %) 



11 S 5 

3 82 

7 73 


9 

70 

15 

4 70 

10 93 


4 i 

00 

1/ 17 

5 22 

n 95 


74 

30 


(Amount of water absorbed by the wood . 

• • 9 - 47 %) 



*5 74 

5 16 

10 58 


11 

50 

19 74 

6 13 

13 61 


43 

70 

22 46 

6 84 

IS 62 


73 

80 


(Amount of water absorbed by the wood . 

• 12.30%) 



18 45 

6 27 

12 l8 


9 

50 

24 28 

7 74 

16 54 


4 i 

20 

27 04 

8 61 

ro 

00 

1-1 


72 

40 

The first column in the above table indicates the amount of ; 

HCl taken 


up by the system wood-water. The second column indicates the amount of 
HC 1 calculated as dissolved in the water present, on the assumption that the 
water is unaltered. (The calculation is made from data found in Landolt- 
Bornstein, page 1307). The third column represents the actual sorption by the 
wood. It is obtained by subtracting the amount of HC 1 , calculated as existing 
m solution in the absorbed water, from the total amount of sorbed HC 1 . The 
fourth column indicates the HC 1 pressure at which the equilibrium point was 
determined. 



SORPTION OF VAPORS ON WOOD AND CELLULOSE 


207 


It is of interest to note that the equilibrium sorption values were reached 
more rapidly with wet wood than is the case with dry wood. £The difference 
is most striking with wet and dry cotton. Whereas 90 hours were required 
with the dry cotton (the data have already been given), 3 hours sufficed when 
water was present. The data for a typical case follow. 

The Sorption of HCl by Cotton with Absorbed Water. 


Sorption against Time 

(Amount of water absorbed by the cotton .... 2.92%) 


Time (hours) 

% HCl Sorbed 

Time (hours) 

% HCl Sorbed 

X 

2 91 

i'A 

4 IS 

Vi 

3 39 

2 

4 24 

I 

3 86 

3 

4 33 


(Final gas pressure was 

10 40 cm Hg) 


On raising the pressure of HCl to 41.50 cm Hg the following gives the sorption. 

Time (hours) 

'HCl Sorbed 

Time (hours) 

% HCl Sorbed 

1 

5-46 

6 

5 93 

2 

5 - 6<5 

8 

s 90 


In the case of the wet wood samples evacuation brought the weight down 
to within 2% of the dry weight. After heating to 5o°C a semi-permanent in¬ 
crease of 1% was still observed. In the case of cotton, heating reduced the 
residual increase of 4.6% to an actual loss of 1.3% showing that some per¬ 
manent change has taken place. However, a water sorption isotherm on 
such a sample showed very little change, except at the initial stage, where 
there was a decreased absorption. If the comparison is made with the initial 
sorption, of a specially purified cotton, this is not so great. (The comparative 
data follow.) In the case of wood, only the first part of the water sorption 
isotherm was examined, and this, as with the cotton, showed a small decrease 
in the water absorption of the hydrogen chloride treated wood. 

The Sorption of HCl by Cotton containing Absorbed Water. 


( 

/C 

HCl 

% HCl 
(In water) 

% HCl 
(By cellulose) 

V P. (cm I 



(Amount of water absorbed by the cotton . . 

• • 2 - 9 *%) 

4 

42 

1 45 

2 97 

10 40 

5 

93 

1 86 

4 07 

41 50 

6 

49 

2 04 

4 45 

74 5 ° 



(Amount of water absorbed by the cotton . . 

* • 4.32%) 

6 

90 

2 20 

4 70 

9 90 

9 

20 

2 72 

6 48 

41.60 

9 

93 

3 02 

6.91 

75 20 
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The Water Sorption of HCUreated Moist Colton as contrasted to that which 
is untreated. 


c / f Sorption 

Relative 

% Sorption 

Relative 

Untreated 

Treated 

v.p m 

Untreated 

Treated 

V.P. (%) 

1 00 

0 60 

10 

5 55 

5 40 

60 

1 60 

1 20 

20 

6 35 

6*60 

70 

2 40 

2 25 

30 

7 40 

8 00 

80 

3 40 

3 30 

40 

ITi 

oc 

16 00 

90 

4 35 

4 30 

50 

11 00 

12 80 

100 


(extrap) 


By means of the data contained in the preceding pages, a composite table 
can be formed, giving interesting information. This is given below. 

Table III 

The Sorption of HC 1 by White Spruce Heartwood 


0 

r 

V 

* 1 67%’ 

3 - 29 c /f 

% Sorption 
5 - 0 5 % 

7 46 Vo 

~ 9-47 Vo 

l2-3°% 

V P 

(cm Hk) 

3 

20 

* 20 

3 35 

6 40 

7 00 

9 30 

11 15 

5 

5 

70 

4 25 

4 00 

7 67 

7 85 

IO 20 

12 20 

10 

7 

40 

5 60 

6 52 

8 87 

9 15 

II 50 

13 95 

20 

8 

27 

6 80 

7 50 

9 45 

10 00 

12 55 

15 30 

30 

8 

90 

7 72 

8 05 

9 98 

10 70 

13 35 

id 35 

40 

0 

35 

8 55 

8 37 

JO 37 

11 20 

14 05 

17 20 

50 

*9 

86 

Q 25 

8 60 

IO 62 

11 55 

14 75 

17 90 

60 

10 

3^ 

9 90 

8 79 

IO 80 

11 70 

15 40 

18 35 

70 

10 

54 

10 10 

8 87 

IO 87 

11 90 

00 

0 

18 50 

75 


This table is made up of values read off curves plotted for each of the runs 
which have just been given. Each column is headed by the percentage of 
water present. Since the first column gives values for the sorption of HC 1 by 
dry wood, and since all the other values have been corrected for the acid held 
by the water, reading across in a horizontal manner one observes a range of 
HC 1 sorptions at one gas pressure, but by samples with different amounts of 
absorbed water. 

These results can be interpreted in a number of ways, and it is rather diffi¬ 
cult to decide which is the correct interpretation. Suppose, first of all, one 
considers the water absorbed by the wood to be unchanged in its power to 
dissolve HC 1 . Then the values in the table, which were calculated on this 
basis, show that in samples having less than 4% of absorbed water, the wood 
sorbs less HC 1 , while above 4% it sorbs more HC 1 , than the dry sample. On 
the other hand one might assume that the sorption of HC 1 , on wood is un¬ 
altered, and that the absorbed water has changed in relation to its capability 
of dissolving HC 1 . This would mean that the water absorbed in samples con- 
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taining the highest percentages of water, dissolved HC 1 better than ordinary 
water. The water absorbed to high percentages is, however, more likely to 
retain its usual characteristics than the first water that is absorbed. Doubtless 
the first i or 2% of water absorbed by wood will not have the same solvent 
action on the HC 1 as ordinary water, but with increased water content the 
ordinary water properties should be approached more and more by the 
absorbed water. 

Recent work by Filby and Maass* on the density of water sorbed by cellu¬ 
lose is of interest in this connection. The variation in hydrogen chloride 
sorption for wood containing about 4% sorbed water has its counterpart in 
the density change observed in this same region for water sorption by cotton 
cellulose. It has been shown that the first few % of water sorbed by cellulose 
has a density of 2.4. This high density is constant at first and then falls with 
further sorption until it becomes asymptotic to the value 1. This would in¬ 
dicate a very intimate relationship existing between the first few % of sorbed 
water and the sorbing material. 

It is not surprising, in the light of this density change, that the first few % 
of sorbed water form a system which absorbs less hydrogen chloride than the 
two components alone. The subsequent addition of water beyond 4% results 
in greatly increased surface due to swelling action. This will l>e amplified 
below. 

Some experiments carried out on HH sorption by samples containing 
water left after desorption had taken place, are interesting in connection with 
what was said above. Two samples were first of all saturated with water 
vapor, then desorption was allowed to take place until a value was reached, 
as near as possible to an absorption value. The experimental data are given 
below. Following this a table is given in which 5.40% desorption is compared 
with a 5.05% absorption, and a 7.88% water desorption value is compared 
with an absorption one of 7.46%. 

The Sorption of HCl by Wood containing Desorbed Water Vapor . 


'oHCI 

( f ( HCl HCl 

(Held by water) (By wood) 

V.P (cm Hg) 


(Amount of desorbed water . 

. 7 - 88 %) 


9 85 

4 01 

5 84 

9 30 

14.17 

4 99 

9 18 

42 60 

l6 08 

5 50 

10 58 

74-13 


(Amount of desorbed water 

. 5 - 40 %) 


8.16 

2-74 

5*42 

9 40 

12.33 

3 *34 

Q .01 

39-10 

14.21 

3-76 

10-45 

71.00 


* Can. J. Research, 7 , 162 (1932). 
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Table IV 

Sorption of HO by White Spruce Heartwood following Adsorption and 


Desorption of Water Vapor 
Sorption__ 


5 o*V< 

(Aba) 

5 4 ° f r 
(Des) 

746% 

(Aba) 

788% 

(Des) 

VP 

(Cm Hg) 

6 40 

4 30 

7 00 

5 35 

5 

7 67 

5 35 

7 8 S 

6 00 

10 

8 87 

7 00 

9 15 

7 15 

20 

g 45 

8 15 

10 00 

8 20 

30 

g g« 

() 00 

10 70 

8 95 

40 

10 37 

() 60 

11 20 

9 60 

50 

lO 62 

JO 10 

55 

10 10 

60 

IO 80 

10 4s 

11 70 

10 50 

70 

IO 87 

jo 60 

11 90 

10 60 

75 


Each column is headed by the j>errentage of sorbed water 

From the results of Table III the amount of HO sorbed increases with the 
amount of water present, above the 4 c/ ( sample Thus, if the fact of the 
equilibrium water value lieing absorption or desorption is of no consequence, 
one would naturally expect the two “desorption'’ woods to take up the largest 
amount of HOI, as each exceeds the “absorption” value by about 040^. 
However, both woods with the larger amount of water- but present as equi¬ 
librium desorption values M>rb decidedly less HC 1 than the woods with less 
water— but water present through absorption Apparently the wood has a les¬ 
sened ability to take up acid when the water exists there following absorption 

In the above table (Table IV) is given the percentage sorbed on the dry 
wood, that is, after the HO dissolved in the water has been subtracted, as 
was described before Before discussing the reason for this, it is necessary to 
see whether any information can be obtained with regard to the nature of the 
HO sorption 

As was pointed out before, the absorption curve for HO has a different 
form from that of the waiter sorption isotherm If both of these are tested by 
applying Langmuir’s adsorption formula 

x m = abp (i-fap) 

it is found that the water sorption does not follow this, whereas the HO sorp¬ 
tion of both dry and wet wood does, it also holds for HO sorption by wet 
cellulose In Fig 5 curve 1 represents the sorption of water in cellulose, and 
2 that of HO by wet cotton cellulose According to McBain’ the interpreta¬ 
tion that is given is that in the case of HO we are dealing with a straight sur¬ 
face adsorption, whereas in the case of water, part, at least, must be due to 
filling up of the interstices between the actual cellulose and part to adsorption. 
If the HCl sorption is surface adsorption, then the interpretation that can be 

4 J. Am. Chem Soc , 52 , 2668 (1930) 
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put to increased sorption of the wet samples (above 4% moisture content) is 
that the water increases the active surface of the cellulose, on which adsorp¬ 
tion takes place. In that case the application of Langmuir's formula to the 
data of Table III should also give straight lines. Fig. 6 shows that this is the 
case. On each curve is indicated the percent of water. The only one not con¬ 
forming to a straight line is the one just below 4% of sorbed water. The de¬ 
crease in HC 1 sorption below 4% water content, can then be explained by the 
active surface being partially used up by the absorbed water. This effect will, 
of course, hold for all the other determinations, but is more than counter¬ 
balanced by the increase in active surface, caused by the addition of the larger 
amounts of water. 

The decrease in sorption, when water is left by desorption, can also be 
explained. The water, so held, is more intimately associated with the cellu¬ 
lose, as is shown by the lower vapor pressure of the water desorption point. 
This results in a greater decrease of the active sorbing surface available for 
the HC 1 sorption. 

The Sorption of Sulphur Dioxide, Ammonia and Carbon Dioxide 
by Wood and Cellulose 

Cotton cellulose takes up sulphur dioxide exceedingly slowly, over 100 
hours is required for the establishment of equilibrium. At a gas pressure of 
76 cm and at 22°C approximately 5^ is sorbed. The last o. 8 o 9 c of this is 
held very rigidly, ordinary evacuation does not, over a period of 3 days, re¬ 
move this part of the sorbed gas. However, 3 hours of heating at 85°C re¬ 
moved the last traces. 

The sorption of sulphur dioxide evidently does effect some permanent 
alteration in the cellulose. The sorption values indicated above are not 
reproducible. The second sorption at an identical gas pressure gives a sorption 
value of 3.o</ ( as compared to 5.io r ; initially determined. Further, a water 
vapor sorption was determined on this sample, and there results a slight 
change in sorption capacity, in the region of high relative humidities. There 
is an increase in sorptive power comparable to that found in the case of hy¬ 
drogen chloride treated cellulose. 

A characteristically different behavior is noted when wood is considered. 
Spruce sapwood alone has been investigated. 

There is a much larger amount of sulphur dioxide taken up by the wood, 
than is the case with cotton, 13.6^ as compared to 5%. Further, the time to 
reach the true equilibrium condition is comparatively small, 10 hours is the 
time interval at 76 cm pressure of the gas. Another marked difference is the 
much greater amount of the residual gas. After 24 hours evacuation nearly 
4% of the sorbed sulphur dioxide is still held by the wood. This is, however, 
readily removed on heating to 8s°C. 

In general the results with ammonia are similar to those which have just 
been discussed. Approximately 4% of ammonia is sorbed by cotton cellulose 
at 76 cm pressure. Equilibrium takes roughly 48 hours. However, the sorbed 
gas is very easily removed, one hour on the vacuum effects its complete 
elimination. 
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As was the case with sulphur dioxide and wood, the latter takes up much 
more ammonia than does cotton. The equilibrium value is reached in about 
12 hours, and indicates a sorption of 7.37% at 76 cm pressure of ammonia. 
All but the last 1 % of the sorbed ammonia is quite easily removed on evacua¬ 
tion. However, even heating to 95°C still left a residue of 0.40%. 

The work to date with sulphur dioxide and ammonia is merely introductory. 
However, even from such preliminary experiments, certain generalizations 
seem to be justified. With wood the attainment of equilibrium takes much 
less time than with pure cotton cellulose. The modifying influence of the 
non-cellulose constituents, as well perhaps, as its structure, evidently influence 
the sorbing system to a marked extent. Also the degree of sorption is quite 
different with the wood samples investigated. It is on a much larger scale. 

Carbon dioxide is not appreciably sorbed by cellulose, up to a gas pressure 
of 76 cm. Further, if the cotton cellulose contains 5% of absorbed water 
there is still absolutely no sorption evident. With wood, 1.07% of sorption 
takes place at a pressure of 42 cm. Raising the pressure to 76 cm causes no 
increase in the amount of sorption. The sorbed gas is readily removed. Start¬ 
ing with o sorption and a pressure of 76 cm only 1.03% of carbon dioxide is 
sorbed. From o sorption and at 22 cm pressure, a sorption of 0.75% is ob¬ 
served. Apparently sorption becomes asymptotic to the value 1% some¬ 
where between a gas pressure of 22 cm and 42 cm. If wood contains 3.36% of 
water, there is absolutely no sorption of carbon dioxide by such a sample. 
The water completely inhibits the appreciable retention of carbon dioxide. 

The Sorption of Ethyl Ether, Amylene and Methyl Alcohol by 
White Spruce Heartwood 

The investigation conducted with the above vapors has been merely 
introductory. However, it is felt that the results are of interest, and also, that 
further profitable lines of study may be indicated. 

Sorption of Ethyl Ether. 

The sorption took place at 2 2°C. 

Equilibrium was reached, on the average, in about 12 hours. 

% Sorption Vapor Pressure (cm Hg) 

o 53 10 20 

0.69 19.60 

1 16 38.20 

The sorbed gas is readily and completely removed on evacuation. 

These results indicate that there is very slight tendency for wood (white 
spruce heartwood) to take up ether, even when the relative vapor pressure 
approaches go °/ c . No work has been done on the sorption of this vapor by 
cotton cellulose. However, it is to be expected that .the extent of sorption 
would be very slight as in the case of all the other vapors investigated to date, 
wood takes up considerably more than does cotton cellulose. 
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Sorption of Amylene. 

At 10 cm pressure no appreciable sorption occurs, on raising the pressure 
to 25 cm a sorption of 0.47% is observed. Further increase of the vapor pres¬ 
sure until condensation took place (100% relative vapor pressure) resulted in 
an unchanged sorption. Thus, this unsaturated hydrocarbon is taken up to 
an even smaller extent than is ethyl ether. 

4 

The Sorption of Methyl Alcohol . 


( / f Sorption 

Time 

(minutes) 

% Sorption 

Time 

(minutes) 

2.19 

10 

4.66 

60 

2.69 

15 

4.92 

75 

3 23 

20 

5.22 

105 

3 • 58 

25 

6.12 

270 

3 9 1 

35 

6.42 

16 (hours) 

4.10 

45 

6.42 

18 ” 

(Final pressure 3.70 cm. Temperature 

2 2°C) 



Equilibrium Sorption Values 


% Sorption 

Vc Relative Vapor 

Pressure 

% Sorption ^ 

Relative Vapor 
Pressure 

6.42 

34-41 

8.21 

60.34 

7.19 

54-31 

11.69 

83 IS 


Equilibrium Desorption Values 


10.05 

50 

8-37 

31 

9.54 

44 

7.61 

27 


These results indicate quite clearly that the sorption of methyl alcohol by 
wood takes place on a relatively large scale. Also the fact of definite and 
marked hysteresis is very evident. Time has not permitted a detailed study 
of this system but the indications are that this will eventually prove to be an 
extremely interesting field, especially when comparisons are made with similar 
data to be obtained from cotton. 

Discussion 

As was indicated in the introduction, no revolutionary theories are to be 
drawn from the data which are presented above. However, in conclusion, a 
certain number of experimental factsare to be tabulated, followed by a working 
hypothesis whose main virtue may be looked on from the point of view of in¬ 
dicating the direction for further research. 

Undoubtedly wood sorbs water vapor to a greater extent than cotton cellu¬ 
lose, and since Pidgeon and Maass have shown that this increase in sorption 
is not due to the lignin and as the experiments on extracted wood have shown 
this is not due to the extractive portion of the wood, it follows that the cellu¬ 
lose in the wood sorbs water to a greater extent than cotton cellulose and 
perhaps even to a greater extent than mercerized cotton. The sorption of water 
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vapor in wood seems to be independent in large measure of the species and to 
be of the same order of magnitude for sap and heartwood. The comparative 
sorption experiments of various vapors on wood and cotton indicate that wood 
in every case sorbs a larger amount of vapor, and also, that in every case the 
steady state sorption value is obtained far more readily in wood than it is 
obtained in cotton. 

The authors believe that the hypothesis advanced by Pierce* with regard 
to water vapor sorption is in the main correct. Water is sorbed in two ways; 
one involving a surface compound formation perhaps on the basis of one of 
water to one exposed hexose group, in the other the rest of the water is used to 
fill spaces available under attracl ive forces like those in a liquid. The volume 
change observed by Filby and Maass in the addition of the first bit of water 
is in agreement with the sorption of hydrogen chloride experiments described 
above. They indicate that this water loses its ordinary characteristics, and 
therefore, this water is to be regarded as directly combined. The experiments, 
however, seem to indicate that with increased sorption of water the surface 
available for such compound formation is also increased. Without regarding 
the following as a rigid way of presenting what happens, it is tentatively sug¬ 
gested that the cellulose micelles offer a certain free surface for this surface 
addition of water and that this surface is increased when actually liquid water 
fills the interstices at the edges of the micelles. At that point the competition 
of cellulose surface for cellulose surface goes into competition with that of 
cellulose surface for water. On this basis too the phenomenon of hysteresis is 
explainable. Originally, the cellulose surfaces being together, a certain amount 
of energy is required to displace them, before the water will take their place 
either partially or completely. Consequently, the amount of adsorption with 
continued increase in sorption of water vapor, lags behind a value which would 
be obtained were the micelle surfaces not acting upon one another. On de¬ 
sorption, that is with decreased concentration of water vapor, this hindrance 
has been removed, and the sorbed water has a greater value. It is tempting 
to go on to make further deductions, such as, that the cellulose in wood is in 
a much finer state of distribution, as far as the size of the micelles is concerned, 
corresponding somewhat to mercerized cotton. Such speculations, however, 
must be left until further work has been carried out. 

The direction which further investigation should take is a comparison of 
sorption values of cellulose obtained from various sources. Especially, accu¬ 
rate determinations at the low relative humidity range are desirable. The 
heat liberated at various stages of water vapor sorption should be accurately 
measured. The experiments of Filby and Maass on water vapor sorption 
should be carried out with greater refinement over the whole sorption isotherm, 
both for adsorption and desorption. These researches are under way. 


• Shirley Institute Memoirs, 8,35 (1929). 



THE SORPTION OF SODIUM HYDROXIDE ON CELLULOSE 

AND WOOD 


AND O. MAASS 

This paper consists of data dealing with the effect of aqueous sodium hy¬ 
droxide on cellulose, in particular with its sorption qualities. It is presented 
m the form of plates of some results obtained at the University of McGill.** 
In review, whereas cotton alkali sorption has been previously investigated, 
practically no results for wood cellulose are to be found in the literature. 
Wood cellulose was first used but it was natural to extend the measurements to 
other types of cellulose. In a practical way the related industries of merceriza- 
tion, alkali cooking, and zanthating may make use of the results. Theoreti¬ 
cally the subject is interesting from a standpoint of absorption in an abstract 
sense apart from the materials used. Since adsorption theory is in advance of 
absorption theory at presents experiments on absorption are particularly 
interesting. 

The sorption calculations were made from measurements of the change in 
concentration of the liquid solution before and after contact with a known 
amount of the solid phase. For purposes of cursory investigation and of time 
factor determinations, conductometric measurements were satisfactory and 
flexible and were first used. For detailed work titrometric and occasionally 
gravimetric methods were used. The samples for titration were secured in a 
weight pipette. The accuracy in analysis attained was such that the average 
deviation from the mean was i part in 4000 at 40% alkali. Each determina¬ 
tion of a concentration consisted of the average of 3 such analyses. Quantities 
were adjusted to produce a concentration change of 0.5%. The samples of 
cotton and “Celanese” were purified by cooking in a one percent alkali solu¬ 
tion for 4 days. The purification of spruce was attempted as can be seen from 
one of the spruce plates. Plate number 9. The lignin is partially attacked, 
however, and results are not repeatable. The sample denoted as “Celanese” 
has suffered considerable alteration in purification and is not to be compared 
with the original commercial sample. The acetyl number of the purified 
“Celanese” is being estimated to determine the degree of alteration but this 
value is not yet available. A reaction period of 1 hour was agreed on for 
celanese above 45% where the downward trend of the curve for “Celanese” 
is due to the slow diffusion in such viscous solutions. 

There is a strong temptation to present nothing but facts and results since 
it is certain that with further investigation the interpretations given to certain 

* Acknowledgment is hereby made of two scholarships granted to one of us by the 
Canadian Pulp and Paper Association. 

** This work is part of a research program of “Penetration Studies” being carried out 
under the direction of Dr. Maass in the Institute of the Pulp and Paper Association. It 
is also part of the research program of the Forest Products Laboratories*, Montreal. 



SORPTION OP SODIUM HYDROXIDE ON CELLULOSE AND WOOD 


217 


of the curves must be changed. Such a course would be, however, dull. It is 
particularity requested that the deductions made at this time concerning the 
results be regarded as purely working hypotheses. Final conclusions cannot 
yet be hazarded. 

The use of the terms sorption, adsorption, and absorption are familiar 
enough. In this article sorption is a general term. Adsorption refers to sur¬ 
face concentration on a solid structure. Absorption refers to internal concen¬ 
tration throughout the solid structure. The use of such terms as pseudo sorp¬ 
tion and others is not so general. Anticipating criticism from their use they 
will be explained in some detail. It is obviously not expressing the facts to say 
that in a 25% solution of alkali 0.2 g of NaOH is sorbed per gram of cotton 
since there must be some water sorbed or associated with the cotton contempo¬ 
raneously. The hygroscopicity of cotton suggests that cotton in solution would 
not be bone dry. There must be two values, one for alkali and one for water, 
for example, 0.3 g NaOH plus 0.3 g H2O. Such true values have never yet 
been accurately obtained. The value 0.2 g NaOH is all that can be measured. 
It is a net result of the two true values. To express this fact it is perhaps 
permissible to use the term pseudo sorption to be applied to such a result as 
0.2 g NaOH. It will be argued that the term is unnecessary since the true 
values have never been determined. In rebuttal it may be pointed out that 
the literature abounds with citations of molecular ratios of compounds cal¬ 
culated from pseudo sorption curves by investigators who have not realized 
that such values are only useful by comparison and are not absolute in nature. 
The use of such a term would caution against the misuse of sorption values. 
This case is not the only example of errors contracted by the promiscuous use 
of sorption values. Consider the addition of salt to the solution of alkali. 
Until the sorption of any of the three liquid constituents is proved equal to 
zero it must be assumed that there is a true value for each, one for alkali, one 
for salt, and one for water. By analysing for alkali alone and considering 
mathematically that the salt is water a value is obtained which is denoted as 
the uni-pseudo sorption value of the alkali. However, by analysing for all 
three components, the net difference between the true values of alkali and the 
actual water alone can be calculated. In this manner the bi-pseudo sorption 
of the alkali is obtained. The literature records only uni-pseudo values where¬ 
as bi-pseudo values are much better indicators of the true state of affairs. 

The mathematical definitions of these sorption terms are given. 

Symbols. 

a Bone dry weight of solid phase, gms. 

b Weight of solution used, gms. 

M Moisture content of ttye solid phase before the experiment, gms. H s O 
per bone dry gm. of solid phase. 

x, y, z, the original concentrations of alkali, salt, and water in the solu¬ 
tion, % by weight. 

x', y', z', the final concentrations of alkali, salt, and water in the solution, 
% by weight. 
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Case 1. 

Let there be two liquid phase components, alkali and water, and it be 
desired to calculate the alkali as sorbed. Then the water is considered as 
unsorbed. 

Pseudo sorption of x (alkali). 

b(x-x')-x'aM . ... , 

—7 — —rr 8/8 8olld Phase. 
a(ioo-x') 

Case 2 . 

Let there be three liquid phase components, alkali, salt, and water, and it 
be desired to calculate the alkali as sorbed, and let the water plus salt be con¬ 
sidered as unsorbed. 

Uni-pseudo sorption of x (alkali). 

b(x-x')-x'aM , ... , 

— L — g/g solid phase. 

a(ioo-x') 

The similarity of form to case one explains in part why these values were first 
used in place of bi-pseudo results. Note that y and y' need not be known. 

Case 3. 

Let there be three liquid phase components, alkali, salt, and water, and it 
be desired to calculate the alkali and salt as simultaneously sorbed. Then the 
water alone is considered as unsorbed. 

Bi-pseudo sorption of x (alkali). 

bxz'-bzx'-iooaMx' , ... , 

-;- g/g solid phase. 

looaz 

Bi-pseudo sorption of y (salt). 

b yz'- b zy'.iooaMy- g/ g8o ii d pha Se 


g/g solid phase. 


Certain experimenters have erroneously considered M equal to zero. If M 
is small the error introduced is numerically small, as in the case of air-dry 
cotton. In other cases it cannot be ignored. The practice of neglecting M is 
likely to cause mistakes. Wood samples are usually presoaked in water so that 
equilibrium may be attained rapidly during the experiment and M in these 
cases is very large. 

A factor due to the solution of the solid phase in the liquid phase is neg¬ 
lected ip these formulae but is sometimes appreciable. 

As a summary to these formulae and mathematical considerations it may 
be generalized that if there are n liquid phase components, having chosen one 
to be considered unsorbed (unless otherwise stated this is usually the solvent), 
11-1 simultaneous pseudo sorption values can be determined, one for each of the 
remaining liquid phase components. This is a much better procedure than 
choosing n-i components to be unsorbed and calculating the sorption of the 
nth component, even if this operation be repeated until values for all com¬ 
ponents are obtained. 

To illustrate these calculations and show that too much reliance must not 
be placed on uni-pseudo sorption values the boxed sorption values for sodium 
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hydroxide in Plate 1 may be compared. The addition of the salt has in¬ 
creased the sorption of alkali but the bi-pseudo sorption value shows that the 
increase is really not as large as would be concluded from the uni-pseudo 
value. The prefixes uni and bi refer to the number of liquid phase components 
which the mathematical procedure in each case permits having a simultaneous 
pseudo sorption value. 

The above discussion shows that the results which will be given in the 
following tables can be relied on only to give the relative changes of sorption 
caused by a change in the concentration of the alkali or due to a different 
sample of cellulose. These results cannot be used in their present form and in 
the light of present knowledge to calculate stoichiometric proportions, etc. 
While it is sometimes possible to conclude that compounds are formed it is 
impossible to calculate their formulae. 

In the author opinion no reliable and complete data for sorption of NaOH 
on cotton exists at concentrations above 30%. It was found that only when 

Plate i 

Spruce Flake Sorption 

One hour, 2o°C, in sodium hydroxide, salt, water systems 
(A) Without salt. 


Equilibrium solution 

Pseudo sorption 

% NaOH 

g NaOH/bonedryg 

4.562 

0.0474 

4-570 

0 0353 

4-348 

0.0411 

4-465 

0.0397 

4.508 

0.0399 

Average— 


4-591 

0.0407 

And by comparison with known adsorption values for another spruce 


sample: 


(B) With salt. 





Equilibrium solution 

Uni-pseudo sorption 

Bi-pseudo sorption 

%NaOH—%NaCl 

g NaOH—g NaCl 
/bone dry g 

g NaOH—g NaCl 
/bone dry g 

3.837 9.705 

0.0480 

0.0382 

0.0505 • 

0.0428 

3.899 9.625 

0.0510 

— 0 .0402 

0.0498 

-0.0337 

3.850 9.625 

0.0546 

-0.0556 

0.0528 

—0.0504 

3.898 9.713 

0.0513 

-0.0430 

0.0497 

-0.0346 

3.920 9.148 

Average of last four tests- 

0 .0568 

—0.0511 

0.0551 

— 0.0471 

3 - 9 * 9-5 

* Comparable values. 

0 053 

— 0.048 

0 042 

— 0.042 
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experimental determinations of the highest accuracy were made that re¬ 
producible results were possible. At high concentrations equilibrium is at¬ 
tained very slowly and with great experimental difficulty. Below 30% the 
data in the literature was used. Plate 2 illustrates the cotton isotherm at room 
temperature. Rum bold’s 1 very intensive examination at low concentrations 
has been linked by the work of Vieweg 2 to the present examination of high 
concentrations. The curve is generally interpreted as being a combined 
effect of solid solution (adsorption) and of compound formation, the latter 



Rumbold and Vieweg’s values were not determined at one hour and 20°C but are never¬ 
theless comparable with the determinations as shown by the circles; equilibrium in these 
cases l>eing attained after very short time intervals. 

indicated by the horizontal reaches. At low concentrations the cotton curve is 
in sharp contrast with the curves for wood and “Celanese.” The latter 
curves obey Freundlich’s adsorption law. If the cotton curve is considered 
to be concave then the wood and “Celanese” curves are convex below ten per¬ 
cent sodium hydroxide. The theory of the cotton curve is based on applica¬ 
tions of the phase rule. Dalton’s law of partial pressures may also be applied. 
In Nemst’s Theoretical Chemistry it is cited as Dalton’s law of absorption and 
as such applies to the absorption of gases in liquids. In this case it is extended 
to the distribution of alkali between the liquid solution (water) and the solid 
solution (cotton). Except for aberrations from the laws of ideal solutions a 
straight line relationship between sorption and concentration would indicate 
absorption. This rule for absorption takes the place of Freundlich’s relation 

1 J. Am. Chem. Soc., 52 , 1013 (1930). 

* Ber., 40 , 3876 (1907). 
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for adsorption. The phase rule indicates the same general type of curve for ab¬ 
sorption as Dalton’s law. If compounds are formed the phase rule predicts a 
step-like diagram. Experimentally the cotton curve appears to be a mean. 
Perhaps this may be considered somewhat similar in type to the Pd-H 2 
sorption curve. 

The term solid solution is here used as a partial synonym for absorption, to 
forcibly denote that the effect is internal in nature and to recall simultaneously 
that the curves have some theoretical basis in the phase rule and Dalton’s 
law. The other laws of solid solutions may or may not be observed. It will 
require further work to settle these points. The precise configuration of alkali 
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and water in the cellulose crystal is not suggested. The term internal con¬ 
centration may be substituted, or the original term absorption even may be 
considered of sufficient strength. A lucid portrayal of facts is desired more 
than anything else. Suggestions of more appropriate terms would be wel¬ 
comed. 

It should not be forgotten that the generally accepted explanation of the 
horizontal portions of the step-like cotton diagram as being due to compound 
formation may be entirely fallacious. The step-like diagram may be possibly 
due to a greater adsorbing area being produced by swelling actions occurring 
at critical concentrations. This viewpoint would eliminate absorption and 
attribute all curves to the effect of adsorption but on varying surface areas. 

The remaining plates show the effect of the source of the cellulose on the 
sorption curves. Below approximately 10% for wood and 30% for “Celanese” 
the type of curve obtained is likely due to adsorption. These curves obey 
Freundlich’s adsorption isotherm as shown by the straight line logarithmic 
plots of these curves below the critical concentrations just nam£d. Plates 
number 6 and 8. 

Work on cellophane is progressing. It is planned to complete this curve 
and obtain curves for rayon and viscose silk from cotton. The cotton curve at 
intermediate concentrations is to be reconsidered especially with regard to 
purified samples of various origins. When this work is finished it is hoped the 
interpretations of the curves will be more conclusive. 

The planned work would include desorption measurement. A few of these 
have been made already. 

It should be pointed out from Plate 10 that all these curves can be approxi¬ 
mately represented by straight lines. 

Each curve can be replaced by one straight line as a first approximation. 
The constant sorption differentials or tangents of each of these lines are given. 

Spruce, on a basis of 44.5 % cellulose 

= o.oio g NaOH per g cellulose per % of cone, change in the solution 

Cotton 

= 0.070 g ” cellulose ” ” 

Oelanese 

= 0.066 g ” ” ” 

Spruce, on a basis of total wood content 

= 0.048 g NaOH per g wood per % of cone, change. 

These relations may eventually evolve a substantial theory. 

Various theories of adsorption and combination have been put forward by 
many workers in this field to explain alkali-cellulose affinity. Which name 
adsorption or combination is applied to this affinity is of little import as these 
terms merge into each other. The effect dealt with is certainly on the border 
line. 

When this work is finished it is hoped the interpretation of the curves will 
be more conclusive. 


McGill University, 
Montreal , Canada. 



THE DECOMPOSITION OF DIMETHYL ETHER ON THE 
SURFACE OF PLATINUM 

BY E. W. H. 8TEACIE AND H. A. REEVE' 

Introduction 

It is of considerable interest to compare the velocities of homogeneous and 
heterogeneous gas reactions. In this connection it has been shown by Hinshel- 
wood that there is a general tendency for homogeneous bimolecular reactions 
to become unimolecular on the surface of a catalyst, the heat of activation of 
the reaction falling to about one-half of its former value. This change in the 
characteristics of the reaction is accompanied by a modification of the reaction 
path. 

The homogeneous decomposition of hydrogen iodide, for example, pro¬ 
ceeds as indicated by the equation 

2 HI = H 2 4- 1 2 . 

The possible homogeneous unimolecular decomposition 

HI - H + I, 

followed by a subsequent recombination of the atoms, is ruled out since the 
formation of atomic hydrogen would be a highly endothermic process. The 
momentary concentration of a large amount of energy in the molecule would 
thus be necessary, and hence a very large heat of activation would be associated 
with the reaction. The presence of a metal surface, however, renders such a 
change possible since the atomic hydrogen and iodine formed can be held on 
the surface in an adsorbed condition, and later the atoms evaporate in pairs as 
molecular hydrogen and iodine. 

The heat of activation of the homogeneous bimolecular decomposition is 
44,000 calories per gram molecule. 1 In order that two molecules may decom¬ 
pose, they must therefore have a combined energy in excess of 44,000 calories. 
For the heterogeneous unimolecular decomposition on the surface of gold the 
heat of activation is 25,000 calories. 5 Hence one molecule in order to 
decompose must have an energy in excess of 25,000 calories. The lowering of 
the activation energy by the catalyst is therefore accompanied by a change in 
the mechanism of the reaction, in the one case only a single molecule being 
activated, while in the other case two molecules must be activated simul¬ 
taneously. In consequence the effect of the catalyst on the magnitude of the 
activation energy is left unanswered. 

1 Bod eastern: Z. physik. Chen., 29, 295 (1899). 

> Hinohelwood: J. Chem. Soc., 127, 1552 (1925). 
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It is therefore of interest to compare the homogeneous and heterogeneous 
reactions in the case of a substance which decomposes homogeneously in a 
unimolecular manner. Previous investigations of this kind have been made 
with acetone, 8 ethyl ether, 4 and propionaldehyde. 8 The present paper deals 
with a similar investigation using methyl ether on the surface of platinum. 

Methods of investigating Heterogeneous Gas Reactions . There are two main 
methods of investigating heterogeneous gas reactions. 

(a) The catalyst is contained in a bulb in finely divided form. The re¬ 
actant, or reactants, is admitted to the bulb, or passed through it continuously, 
and the reaction is followed by the pressure change which accompanies it or by 
analysis. This method is the simpler of the two, and is the more usual when 
the course of the reaction, yield, etc., is 
of primary importance. On account of 
the lack of definite knowledge of the sur¬ 
face, etc. it is not a suitable method of 
investigating the molecular statistics of 
the reaction. 

(b) The catalyst consists of a fine 
filament stretched axially through the 
reaction vessel. The vessel containing 
the gas is kept at or near room tem¬ 
perature, while the filament is heated 
electrically to the desired temperature. 

This method is by far the most suitable 
when an accurate knowledge of the 
molecular statistics of the reaction is 
desired, and is the one used in this case. In this method the solid material 
can function in two ways, either by adsorbing the reactant and permitting 
a catalytic reaction, or else by merely acting as a source of energy. In the 
latter case the question of energy transfer between gas molecules and the solid 
surface will be of paramount importance. 

Apparatus. The apparatus was similar, with the exception of the electrical 
set-up, to that used in previous investigations. It consisted of a reaction bulb 
of about 100 cc capacity, through which a platinum wire (0.05 to 0.10 mm 
diameter) was sealed axially. The bulb was connected by capillary tubing 
and stopcocks to a capillary manometer, a supply of methyl ether, and a 
pumping system. The connecting tubing was wound with nichrome wire and 
heated electrically to prevent condensation. The reaction bulb was immersed 
in an oil bath, which was maintained at 45°C. 

Temperature Measurement and Control. The temperature of the heated 
filament was obtained from its resistance in the following manner. The 
filament A (Fig. 1) was made one arm of a Wheatstone Bridge A BCD. Since 

* Taylor: J. Phys. Chem., 33 , 1793 (1929). 

4 Steacie and Campbell: Proc. Roy. Soc., 128 A, 451 (1930); Taylor and Schwartz: J. 
Phys. Chem., 35 , 1044 (1931). 

* Steacie and Morton: Can. J. Research, 4 , 582 (1931). 



Fig. 1 

Electrical Diagram 
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the resistance of the various filaments used was low (from i to 15 ohms), the 
standard resistance B was of the same magnitude and was immersed in a large, 
well-stirred oil-bath. The heating of this resistance was negligible with the 
current used. Two high resistances, C and D , were used in the other arm of the 
bridge. C was a standard 10,000 ohm resistance, and D was a variable 1/10 to 
100,000 ohm, resistance. 

A sensitive galvanometer, ( 7 , was used. The sensitivity could be varied 
by the resistance F in series, or by the variable shunt E. The voltage applied 
to the bridge was regulated by the potentiometer H , which was connected 
directly to the 110 volt D.C. supply. 

Methyl ether 6 was prepared from sulphuric acid and methyl alcohol. The 
gas was bubbled through sulphuric acid saturated with methyl ether, passed 
through phosphorus pentoxide tubes, and fractionally distilled. During the 
course of the experiments it was stored as a liquid in a bulb immersed in a 
solid carbon dioxide-acetone mixture. 

Experimental Procedure 

The resistance of the filament was measured at various temperatures, as 
determined by a Leeds and Northrup optical pyrometer, over a range from 
700° to noo°C, at 50° intervals. A resistance-temperature curve was con¬ 
structed from these results. On extrapolation this curve gave good agreement 
with the experimentally determined resistance at room temperature. Even if 
the absolute values of the temperature of the filament are slightly in error, this 
will be unimportant for the present purpose provided that the relative tem¬ 
peratures are in good agreement. 

During any one run the bridge setting was such that a balance gave a 
filament resistance corresponding to the temperature desired. On account of 
the changing thermal conductivity of the gas mixtures, as the reaction pro¬ 
gressed, it was necessary to vary the impressed voltage so as to maintain a 
balance in the bridge circuit. 

The reaction was followed by admitting methyl ether to the reaction ves¬ 
sel, maintaining the filament at the desired temperature, and observing the 
variation of pressure with time. 

The Course of the Reaction. Hinshelwood and Askey 7 found that the homo¬ 
geneous decomposition of methyl ether was mainly as represented by the 
equation 

CH3OCH, - [CH 4 + HCHO] 

= CH4 + H2 + CO. 

Thus in a typical analysis of the products they found 32.0% carbon monoxide, 
33.5% hydrogen, and 34 5% methane. 

• We are indebted to Mr. J. S. Tapp of this laboratory for supplying the methyl ether 
used. 

1 Proc. Roy. Soc., 115 A, 215 (1927). 
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In the present investigation analysis showed that the reaction was, in the 
main, the same as the above. Thus a typical analysis at 977°C gave the fol¬ 
lowing result: CO = 34-6%, CH 4 = 33 0%; H 2 = 3 2 -5%- 

In the homogeneous reaction, in agreement with the foregoing equation, 
pressure increases at completion of about 200% were obtained at all tempera¬ 
tures. In this investigation, however, pressure increases at completion of 
186 d= 2% were invariably obtained. This somewhat lower value was un¬ 
doubtedly due to the condensation of a small amount of paraformaldehyde on 
the walls of the reaction vessel. Since the final pressure increase was the same 
at all temperatures, however, it is justifiable to use the pressure increase as a 
criterion of the extent to which the reaction has progressed. The times for 
various fractional pressure increases have therefore been used as a measure of 
the reaction velocity. 

Experimental Results 

During the course of the investigation a number of different filaments were 
used. In general these filaments showed considerable differences on account 
of differing diameter, surface conditions, etc. In the case of a particular 
filament, after a certain amount of preliminary aging, a steady condition was 
finally reached and reproducible reaction velocity results could then be ob- 
i ained. This steady condition might be upset, however, by too drastic heating. 

The results given below were obtained on various filaments which had 
reached a steady condition. In any particular series the runs were made in 
random order to obviate any error due to aging. 

The Effect of Pressure . Fig. 2 shows typical pressure-time curves for 
various initial pressures at ii5o°K, on filament No. 1. The complete data for 
a typical run are given in Table I. 


Table I 

Filament No. 1. ii5o°K 


Time 

Pressure 

Per cent 

K 

mins. 

mm 

decomposed 


0 

316 

— 

— 

3 

345 

6 .0 

0 0194 

8 

412 

17*4 

0.0239 

12 

463 

26.0 

0.0250 

17 

520 

358 

0 0261 

22 

568 

43-9 

0.0262 

29 

624 

53-4 

0.0262 

35 

663 

60.0 

0.0262 

40 

692 

65.1 

0.0264 

50 

735 

72.3 

0.0258 

60 

766 

77 • 5 

0.0250 
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The values of per cent decomposition are calculated on the assumption 
that an increase in pressure of 186% corresponds to complete decomposition. 
The constants given in the last column are those calculated for a unimolecular 
reaction. As in the homogeneous reaction the constants rise in the early 
stages of the reaction while formaldehyde is accumulating, and finally become 
constant within the experimental error. 

The effect of pressure on the rate of reaction is indicated by Fig. 3 and some 
typical data are given in Table II. As in the homogeneous reaction the veloc¬ 
ity constants fall off at pressures below 300-400 mm. 



Table II 
Filament No. 1 
Temperature = nso°K 


Pressure 

T*o 

TlOO 

Pressure 

T 50 

T100 

mm 

mins. 

mins. 

mm 

mins. 

mins. 

97 

23.0 

53 6 

3*6 

12 .0 

29.0 

98 

25-5 

64.4 

3*8 

12 .0 

28.3 

144 

* 9-3 

48.4 

430 

10 0 

23.0 

206 

*43 

35-3 

432 

10.7 

25.4 

3*4 

10.6 

25-4 

433 

10.7 

25.4 

3*5 

12.6 

30.0 
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The Temperature Coefficient. The heat of activation was calculated from 
two entirely separate series of results on different filaments. 

In the first series, for experimental reasons, it was impossible to use initial 
pressures above 400 mm. The heat of activation was therefore calculated by 
extrapolating the results at each temperature to the high pressure rate. 

In the second series of results runs were made at initial pressures of about 
700 mm. At these pressures the falling off was negligible and no extrapolation 
was necessary. 

Some typical data for the 
second series are given in Table 
III. Fig. 4 shows a plot of log 
T25, log T 5 o and log T100 against 
the reciprocal of the absolute 
temperature. 



100 zoo 

Pireeftore 


300 


400 


Fig. 3 

The Effect of Pressure on the Rate 
of Reaction 



Fig. 4 

The Temperature Coefficient 
Curve A - Calculated from Tum 
Curve B Calculated from T 6() 
Curve C Calculated from T 2 , 


Table III 
Filament No. 2 
Initial pressures ca. 700 mm. 


Temperature 

°K 

T„ 

mins. 

Tv, 

mins 

T1 ot, 

mins. 

1100 

375 

74 

216 


37 0 

74 

236 

1150 

8.75 

17 8 

43 


9-25 

18.5 

47 

1200 

2-53 

5 20 

12 2 


2.58 

5 33 

12 5 

1250 

0.92 

1.60* 

384 


0.97 

1.87 

4-33 


0.73 




The heats of activation calculated for various fractional times for both 
series of results are given in Table IV. 










232 


E. W. R. STEACIE AND H. A. REEVE 


Table IV 


Series 


Heat of Activation 



from Tjs 

from T50 

from T100 



calories per gram mol. 


r 

— 

68500 

70100 

2 

68300 

69500 , 

72200 



Extrapolation of the Heat of Activa¬ 
tion to Initial Rates 


On account of the complication due 
to the intermediate formation of formal¬ 
dehyde, the best values of the heat of 
activation will be obtained by the ex¬ 
trapolation of the above values to initial 
rates. This is done in Fig. 5. The values 
obtained in this way for the two series 
are 66900 and 67100 calories. The mean 
value of the heat of activation is there¬ 
fore 67000, as compared with 58500 found 
by Hinshelwood and Askey for the 
homogeneous reaction. 


Discussion 

A comparison of the heats of activation of homogeneous unimolecular 
decompositions with those of the same reactions in contact with hot filaments 
shows that the results fall into two classes. The data are summarized in 
Table V. 


Table V 

Heat of Activation 


Substance 

Homogeneous 

Filament 

Acetone 

68,500 

68,400 

Ethyl Ether 
(Steacie k Campbell) 

53 ,ooo 

52,000 

(Taylor k Schwartz) 


57,ooo 

Propionaldchyde 

55,ooo 

96,500 

Methyl Ether 

58.500 

67,000 


It will be seen that in the first two cases the heats of activation agree 
within the experimental error, while in the last two the heat of activation of 
the filament reaction is higher than that of the homogeneous reaction. This 
point will be discussed later in detail. 

There are two possible explanations of the action of the filament in these 
reactions: (a) Molecules are activated by collisions with the filament, 
statistical redistribution of energy being produced by such collisions, (b) The 
filament serves as a source of energy, the surrounding gas layer being main¬ 
tained at a high temperature. Activation takes place in the hot gas layer by 
ordinary molecular collisions. 
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The second explanation seems by far the more likely, since it is difficult to 
see why the velocity constants should fall off at low pressures if collision with 
the filament were a necessary preliminary to reaction. That this is the 
correct explanation may be proved conclusively by an examination of the 
statistics of the reaction. 

Some typical data for the decomposition of methyl ether in contact with 
platinum follow: Filament temperature, ii5o°K; pressure, 316 mm; volume 
of reaction vessel, 100 cc; filament length, 10 cm; filament diameter, 0.06 mm; 
bath temperature, 3i8°K; rate of decomposition, 0.033% per sec. Whence 
we obtain: (a) The number of molecules reading which is 3.19 X 10 17 molecules 
per sec. and (6) The number of molecules hitting the filament . 

According to Knudsen’s equation we have 

m= |/^Trt p ’ 

where m is the mass of gas striking the filament per sq. cm. per second, M is 
the molecular weight, T is the absolute temperature, and p is the pressure in 
bars. Evaluating the constants, and putting the pressure in atmospheres, 
we have 

m = 44.2 \/M/T p. 


The value of T to be used is somewhat uncertain. Since we are only interested 
in the order of magnitude of the results, it is not of much importance, and the 
simplest assumption to make is that the temperature of the colliding mole¬ 
cules is that of the filament. In any case an error of even 200° in T will not 
introduce more than a 10% error into the result. 

Whence we have m = 3.68 g per sec. per sq. cm., hence the number of 
molecules striking the filament is 4.85 X io 22 molecules per sq. cm. per sec. 
The surface area of the filament is 0.188 sq. cm., hence we have number of 
molecules striking the filament = 9.12 X io 21 per second. 

(r) The fradion of the molecules at 1150 °K possessing the energy of adivation. 

Using Hinshelwood’s form of theory, this will be given by 


E + (*n - i)RT 
RT 


( 


E + (*n - i)RTV n " 
RT / 


1 i n - 


Assuming that the heat of activation found by Hinshelwood and Askey for 
the homogeneous reaction is the true one, we have E = 58500, and n = ca. 12. 
Whence the fraction of the molecules at ii5o°K which possess the energy of 
activation = 1.36 X io -8 . Hence the total number of activated molecules, 
produced by collisions with the filament only is 9.12 X io 21 X 1.36 X io~ 8 = 
1.24 X io 14 molecules per sec. 

Hence about 2600 molecules react for every one which obtains the neces¬ 
sary energy from the filament by direct collision. It may therefore be con¬ 
cluded that the reaction is occurring in a layer of hot gas surrounding the 
filament. The effective dimensions of this layer may be calculated as follows: 
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The total number of molecules entering into collisions in the gas per cc per 
sec. is given by 


2 \/~2 T 8 2 Un 2 , 


where s is the molecular diameter, u the root mean square velocity, and n the 
number of molecules per cc. The total number of activated molecules pro¬ 
duced in the gas per cc per sec. is therefore given by 


ir s 2 un 2 e 


E 4- (in - i)RT 
RT 


/E + Qn - i)RTV n - 1 

V RT / 


Jjlzl 


In order to evaluate this expression it is necessary to assign a value to s, the 
molecular diameter. Kinetic theory considerations indicate a value of about 
5 X io~ 8 cm. It is known, however, that molecules with a high energy con¬ 
tent can transfer energy by resonance, and in general in dealing with energy 
transfers effective diameters much larger than kinetic theory diameters must 
housed. We may therefore assume 8 = 20 X io~*cm. Whence the number 
of activated molecules produced by collisions in the gas at 115o°K is 3.54 Xio‘ 22 
molecules per cc per sec. 

The number of molecules reacting per second is 3.19 X io 17 . Hence the 
effective volume of the space in which reaction occurs is 


3. IQ X IO 17 
3.54 X io 22 


= 9.00 X io" 6 cc 


Whence the effective thickness of the region surrounding the filament in 
which reaction occurs is 4.73 X io -4 mm. * 

It is well known that practically the entire temperature drop in the gas 
surrounding a filament of this type takes place in a “skin” about 0.5 mm thick 
by conduction. The last few degrees drop is much more gradual, and the heat 
transfer takes place mainly by convection. The total temperature drop here 
is 832°. If we assume that 750° of this occurs in such a layer, then the reac¬ 
tion is occurring in a zone surrounding the wire which includes a temperature 
gradient of about i°. The volume, however, is a minimum value, as explained 
before. We may therefore conclude that the zone in which reaction occurs 
does not include a great enough temperature gradient to introduce any ap¬ 
preciable error into the calculated value of the temperature coefficient of the 
reaction, provided that the filament is in thermal equilibrium with the gas. 

Calculations for ethyl ether, acetone, and propionaldehyde yield similar 
results. In every case it is necessary to assume that the reaction occurs in a 
hot gas layer surrounding the filament. 

We may therefore consider that the dynamics of the decomposition of 
ethyl ether and of acetone are completely explained. In the case of propional- 


* Since this volume is obtained by equating the number of molecules activated to the 
number reacting, it will be a minimum value. It will, however, be approximately correct 
since the calculations have been made for a pressure at which the velocity constants have 
fallen off to an appreciable extent. 
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dehyde and of methyl ether, however, it is still necessary to explain the fact 
that the temperature coefficients are higher than those of the homogeneous 
reactions. The heats of activation calculated for the filament reactions 
cannot be the true ones. Thus for propionaldehyde calculation shows that if 
the true value of E were 96,500 calories, then even if the whole reaction vessel 
were at the temperature of the filament the rate would still be 167 times 
slower than the observed value. 

The only possible explanation of the high temperature coefficients of these 
reactions would seem to involve the transfer of energy between the filament 
and incident gas molecules. 

Energy Transfer between Gas Molecules and the Filament . By means of heat 
conductivity measurements at low pressures Soddy and Berry 8 came to the 
conclusion the accommodation coefficient for gases of high molecular weight 
was always in the neighbourhood of unity. Langmuir’s theory of adsorption 
indicates that all, or nearly all, the molecules hitting a solid condense and 
reevaporate. The accommodation coefficients are therefore virtually unity, 
and almost all the molecules leave in thermal equilibrium with the filament. 
This conclusion has been supported by a number of investigations. Recently, 
however, it has been shown that in certain cases molecular or atomic beams 
may be reflected specularly from solid surfaces without any transfer of energy. 1 * 

It therefore seems plausible to assume that energy transfer between com¬ 
plex gas molecules and solids may be highly specific, and that in certain cases 
the accommodation coefficients may be quite low. This is especially so in the 
case of molecules which decompose unimolecularly, since such molecules are 
notoriously specific in action insofar as the transfer of energy is concerned. 

The mechanism of the foregoing reactions may therefore be explained on 
the following basis. With acetone and ethyl ether the molecules are mostly 
adsorbed on collision. They evaporate after a very short mean life on the 
surface, and therefore leave in thermal equilibrium with the surface. The 
inner side of the gas layer next to the filament is therefore at a temperature 
which does not differ appreciably from the temperature of the filament. No 
appreciable error is therefore introduced into the calculation of the heat of 
activation of the reaction. With propionaldehyde and methyl ether the 
accommodation coefficients may be assumed to be low. (This assumption will 
be discussed later). Hence comparatively few of the molecules are adsorbed 
and reach thermal equilibrium with the filament. The majority of the mole¬ 
cules are reflected more or less specularly and very little energy is transferred 
to them. There is therefore a very abrupt drop in temperature at the surface 
of the wire, followed by the usual more gradual skin effect. If this assumption 
is correct, the mean temperature of the layer in which reaction occurs will be 
considerably below the temperature of the filament itself. 

The high temperature coefficient of the reaction may therefore be explained 
in two ways: (a) We may interpret the high temperature coefficient as being 
due solely to the cause mentioned above. The temperature scale used in 

8 Proc. Roy. Soc., 84 A, 576 (1911). 

• Bradley: Chem. Rev., 9 , 47 (1931). 
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calculating the heat of activation of the reaction should therefore be shifted to 
somewhat lower temperatures. The heat of activation of the reaction is 
inversely proportional to (1/T1 — i/T 2 ). If we lower both temperatures by 
a constant amount, the calculated value of the heat of activation will there¬ 
fore decrease. To explain the difference in the heats of activation on this 
ground alone would require a very large temperature drop at the surface of 
the filament (for propionaldehyde 2 75°C). It seems much more likely that 
the following explanation is the true one. (b) It has been observed that 
accommodation coefficients increase with increasing temperature. We may 
therefore explain the high temperature coefficient of the reaction in a much 
more reasonable way by assuming that the accommodation coefficients are 
low, but not excessively low, and vary with temperature. The temperature 
coefficient of the reaction is therefore a composite one, and includes the 
temperature coefficient of the accommodation coefficient. It is thus unneces¬ 
sary to assume such a pronounced drop in temperature at the surface of the 
filament. 

The specific action of the surface remains to be explained. If the fore¬ 
going assumptions are valid, the accommodation coefficients for ethyl ether 
and acetone are near unity while those for propionaldehyde and methyl ether 
are quite low. Accommodation coefficients usually rise in the presence of a 
layer of adsorbed gas. It is therefore by no means improbable that the 
specific action depends on the relative adsorption of the various products 
formed in the decompositions. It has been noticed that a small amount of 
carbon is deposited in the decomposition of propionaldehyde and of methyl 
ether, but not in the other cases. This would seem to be the most likely 
explanation of the specificity. 

A number of the questions raised above might be settled by a determina¬ 
tion of the heat loss from filaments in the presence of the various gases. Such 
experiments are in progress. 

Summary 

The kinetics of the thermal decomposition of gaseous dimethyl ether in 
contact with heated platinum filaments have been investigated. The de¬ 
composition is unimolecular and occurs in a hot gas layer surrounding the 
filament. The heat of activation is found to be 67,000 calories as compared 
with 58,500 for the homogeneous reaction. The high temperature coefficient 
may be explained on the assumption that the accommodation coefficient is 
low, and hence thermal equilibrium with the filament is not attained by collid¬ 
ing gas molecules. 


Physical Chemistry Ijatwratory, 
McGill University, 

Montreal, Canada. 



COLLOIDAL BORON 


BY ALBERT L. ELDER AND NAOMA D. (iREEN 

Svedberg 1 reports that colloidal boron has been known nearly as long as 
amorphous boron. KuzeP was granted patents for the preparation of colloidal 
boron. Ageno and Barzette* have contributed to the study of colloidal boron. 
A more extended report was given by Gut bier 4 who prepared sols by reduction 
of B2O3 with Mg, Na, and K. The fusion mixture was purified by treatment 
with dilute and cone. HC 1 followed by washing with distilled water until the 
material which went through the filter was in a colloidal state. His failure 
to obtain consistent results suggested the possibility of continuing this in¬ 
vestigation. Sols prepared using identical procedure by Astfalk and Boss 
under his direction varied greatly in rate of settling, stability under dialysis, 
color, rate of flocculation with electrolytes. They recognize that the colloidal 
boron was not pure boron. 

Our preliminary experiments using the procedure outlined by Gut bier 
gave negative results or at best extremely dilute sols. The general procedure 
was the fusion of Mg and BjOj in approximately the ratio of 1 to 3. The fused 
mixture was cooled, pulverized, treated with cone. HC 1 , and washed on a 
suction filter with hot distilled water. An extremely dilute sol was sometimes 
obtained on long washing. Further washing yielded no sol. 

In an attempt to prepare a more concentrated sol fusions containing Mg 
and B2O3 in ratios varying from 1 to 10 to 10 to 1 were made. The most 
concentrated sol was with a mixture of Mg and B 2 O a in the ratio 1 to 3. It 
was discovered that refluxing from 0.5 to 1 g of dried purified boron with 100 
to 250 cc of distilled water for from 2 to 2.5 hours gave on filtration much 
more concentrated sols. 

The fusion container was an open iron vessel 8.5 cm deep by 4 cm in 
diameter having walls 4 mm thick. The reaction was started by the use of 
two oxygen-gas blast lamps which were focused on the lower part of the con¬ 
tainer. To insure rapid fusion the time of heating was less than five minutes. 
The reaction once started is very vigorous. It is advisable to grind the fused, 
cooled mass before treating with cone. HC 1 . 

The addition to the fusion mixture of certain impurities which might have 
been found in the raw materials of previous investigators altered the con¬ 
centration of the colloidal material. For example the addition of NajSCh in 
concentration of 0.01 and 0.001% of BjO* by weight caused definite increase 
in the concentration of sols obtained. NaNOj and NaCl in equivalent con¬ 
centrations were not as effective as NajSCL. The addition of traces of iron 
filings to the fusion mixture increased the concentration of the sol. 

1 Gutbier: Kolloid-Z., 13 , 137 (1914). 

1 British Pat., 25,864; French Pat., 371,799; German Pat., 197,379; C. A., 1,1930 (1906) 

• Atti. Accad. Lincei, 1, 1824 (1910). 

4 Kolloid-Z., 13 , 137 (1914). 
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Study was made of some of the properties of these sols. The sols prepared 
by refluxing were found by electrophoresis measurements to be electro¬ 
negative. The acid sols were coagulated very quickly when subjected to 220 
volt potential while the neutral sols were not. Since the colloidal boron was 
prepared by refluxing the fusion residue with boiling water the sols are ob¬ 
viously rather insensitive to coagulation by heat. 

In contrast with the colloidal solutions of boron reported by Gutbier 1 
and others 2 the sols prepared in these experiments were extremely resistant to 
coagulation by electrolytes. HC 1 , 1 N Al 2 (SO 0 s, 1 N CaCW and 1 N NaCl 
gave no decisive coagulation in any concentrations. TheP addition of crystals 
of A1 j(SC> 4) j and of SnCU was effective only in exceedingly high concentrations. 

Mixing boron and iron sols caused complete coagulation of both. The 
concentration of iron in the iron sol used was 4.27 X io*" 4 g/cc. One cc of the 
iron sol coagulated 3 cc of boron sol in one hour. The concentration of solid 
matter in the boron sol was 0.052% of the total weight. On ultrafiltration of 
this sol, and evaporation of the ultrafiltrate a residue of 0.017% was obtained. 
This indicates that it was the electrolyte present in the boron sol which coagu¬ 
lated the iron sol which in turn carried down with it the colloidal boron. The 
boron sol ultrafiltrate was effective in equivalent concentration in coagulating 
the Fe(OH) 8 sol. 

All attempts at concentration of the boron sol by pervaporation and 
dialysis were unsuccessful. Attempts to stabilize the sol by addition of 
gelatin solution to give total gelatin concentrations of 0.02% to 0.4%, as well 
as soap solution to a concentration of 0.4% and of a trace of zinc ammonium 
alginate were unsuccessful. The addition of a trace of glycol bori-borate had 
some effect in slowing the rate of sedimentation. 

The rate of settling in refluxed sols was much slower than that in sols 
prepared by direct washing. Most of the sedimentation in the first case took 
place in from one week to two or three months and in the second case always 
within four days. 

A brief study of the preparation of boron sols by the reduction of B 2 0 3 
with Na showed the sols to be similar to those described above but blue or 
bluish green in contrast with the yellowish brown sols obtained from the Mg 
reduction. The stability of these sols was increased from several hours to 
three months by refluxing although the concentration was not greatly in¬ 
creased. 

The following results are indicative of the adsorptive capacity of the 
boron used. Percent adsorption by weight, ethyl acetate 17.5, acetone 20.8, 
benzene 14.3, ethyl alcohol 8.7, water 7.6. 

Summary 

A method for the preparation of and some of the properties of colloidal 
boron are described. 

Department of Chemistry , 

Syracuse University . 

1 Kolloid-Z.. 13 , 137 (1014). 

* Ageno and Barsetti: Atti. Acc&d. Lincei, (5) 1, 1824 (1910). 



A NEW THEORY OF EMULSIONS 


BY C. H. M. ROBERTS 

An emulsion, as is well known, consists of a stable dispersion of one liquid 
in another liquid. The factors which appear indispensable for the formation 
of an emulsion are, first, that the two liquids be mutually immiscible; second, 
that there be suitable agitation to cause the dispersion of one liquid in the 
other; and third, that there be present in one liquid—or in both—some substance 
or substances which have the property of protecting the liquid-liquid inter¬ 
face, so as to prevent contact and coalescence of the droplets of the dispersed 
phase. In general, it is considered that this material, which is called the 
emulsifying agent, is present in the continuous phase of the emulsion. The 
approximate truth of these generalisations has been amply demonstrated and 
may be accepted without question. The problem of emulsions, then, resolves 
itself chiefly into the determination of the physical characteristics, chemical 
composition, and mode of operation of the emulsifying agent. 

As to the physical characteristics of the emulsifying agent, it has been 
rather generally considered that the material is colloidally dispersed in the 
continuous phase of the system, altho this is by no means a hard and fast 
rule, since it has been demonstrated that emulsions can be stabilized, on the 
one hand, by molecularly dispersed materials and, on the other hand, by 
finely ground solids, whose sizes are much greater than the upper limits 
usually given for colloidal dispersions . 1 As to the composition of materials 
suitable for stabilizing emulsions, practically any material may be employed, 
with suitable combinations of the two primary liquids, the only requirement 
being that it shall be soluble, dispersible or wettable in or by one of the liquids. 
As to the mode of operation of the emulsifying agent, it is generally considered 
that it functions by being adsorbed at the liquid-liquid interface, on the side 
exposed to the continuous phase, and thereby prevents contact and coales¬ 
cence of the droplets of the dispersed phase. 

Numerous theories have been advanced, from time to time, to explain the 
observed facts as to the formation and stabilization of emulsions, but these 
theories are too well known to require extensive consideration at this time.* 
The phase-volume theory of Ostwald presumed that the type of emulsion— 
that is, oil-in-water or water-in-oil—was related to the percentages of the two 
phases present. This theory is no longer considered valid. The viscosity 
theory of emulsions has been tested and found wanting and it is now believed 
that viscosity is a factor which affects emulsions principally by hindering 

1 Holmes: J. Phys. Chem., 29 , 1205 (1925). 

* Clayton: “Theory of Emulsions,” Chap. 3, (1928). 
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coalescence of the dispersed droplets . 3 In this connection, Wilson and Hies 4 
have shown that interfacial films may have viscosity characteristics which 
enable them to be considered as plastic solids. The question of viscosity 
therefore must be considered in relation to the interfacial zone, as well as to 
the liquid phases. The hydration theory of Fischer presumes that the emulsify¬ 
ing agent forms, with the continuous phase, a hydration compound, in which 
the other phase is dispersed. This theory is inadequate.to explain some of the 
observed facts and is in conflict with other observed facts. It cannot, there¬ 
fore, be considered an adequate theory of emulsions. The surface tension 
theory , or more properly the interfacial tension theory , has been extensively 
investigated and has been found adequate to explain the formation and 
stability of many emulsions. This theory has merged into the more modern 
and more widely accepted adsorption-film theory , which explains the formation 
and stability of emulsions on the basis of the formation and stability of an 
adsorbed film at the interface. A modification of the adsorption-film theory 
was presented before the First Colloid Symposium, by Finkle, Draper and 
Hildebrand . 11 Their theory was based upon the work of Harkins and Lang¬ 
muir, who proved the oriented adsorption of polar molecules at interfaces and 
who advanced the idea that there is a relation between the shape of the ad¬ 
sorbed molecules and the degree and direction of curvature of the interface. 
The factors of angle of contact and electrical characteristics of the adsorbed 
materials also enter into various theories. 

From this very brief and inadequate summary of former theories of 
emulsions, we will now proceed to a consideration of the new theory to be 
presented. This theory has been developed, in connection with an exhaustive 
study of petroleum emulsions, because existing theories have been found 
inadequate to explain many of the relations found, and is the result of more 
than eight years’ intensive investigation of such emulsions, both in the labora¬ 
tory and in the field. While petroleum emulsions are predominantly of the 
water-in-oil type, there are, however, natural petroleum emulsions of the 
reverse type. Consequently, the theory has had to consider both types and 
has had to be developed in spite of the very meager information as to the 
chemical composition and physical properties of the materials entering into 
such emulsions. 

Considering oils as a broad class of materials, it may be said that they 
consist of a complex mixture of liquid molecules of low polar moment, in which 
are dissolved or dispersed greater or less amounts of materials of higher polar 
moments and that some or all of these materials undergo a greater or less 
degree of ionization. Such a definition can, it is believed, be considered to 
broadly cover any non-aqueous solution. Previous experience and general 

* It must be appreciated, of course, that the effect of viscosity is more far-reaching than 
is here indicated. Viscosity enters into the mechanism of emulsion-formation, by decreasing 
the speed of adsorption; as well as into the mechanism of emulsion-resolution, by decreasing 
the mobility of the droplets of the dispersed phase, as well as hindering their close approach 
and coalescence. 

4 Colloid Symposium Monograph, 1 , 145 (1923). 

4 Colloid Symposium Monograph, 1, 196 (1923)- 
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knowledge indicate that it is the relatively highly polar and ionized constitu¬ 
ents of these oils which are of most importance In determining the emulsifica¬ 
tion characteristics of an oil. 

Considering the brines, associated with crude oils, as a broad class and 
having in mind the high ionizing power of water as a solvent, it may be said 
that they are complex mixtures of dissolved salts, which are, in general, 
highly ionized. There may also be present, in this aqueous solution, more or 
less dissolved or dispersed organic material, which will be relatively highly 
polar and may be more or less ionized. Such a definition can, it is believed, 
be considered to cover broadly any aqueous solution. The emulsification 
characteristics of the aqueous phase will, therefore, depend upon the kinds 
and concentrations of ions and polar molecules present. 

With reference to the effects of ions, Michaelis 6 makes the very simple 
assumption that hydroxyl ions are more capillary active than hydrogen ions. 
Since both these ions have the same magnitude of charge (altho of different 
sign), while their masses differ greatly, it seems reasonable to extend Michaelis’ 
assumption and to say that the adsorbability of ions at free surfaces increases 
as their charge to mass ratio decreases. It is, of course, understood that the 
ions are, probably in all cases, more or less hydrated, which serves to increase 
their effective mass and may decrease t heir effective charge. This assumption 
serves to explain the observed facts that a free distilled-water surface displays 
a negative charge and that the magnitude and sign of charge of the free sur¬ 
face of aqueous solutions depends upon the concentration and kinds of ions 
present in solution. The observed great effect of hydrogen and hydroxyl 
ions on the surface charge, as discussed by Michaelis, 6 also serves to indicate 
the importance of pH of the aqueous phase of emulsions. 

Especially in connection with adsorption at free liquid surfaces, it is im¬ 
possible to ascribe attractive forces to a mathematical surface. Therefore the 
explanation of Michaelis, 6 that such adsorption is “apparent” and arises from 
the forces acting within the liquid, is believed to be entirely acceptable. 
Another way of looking at the question is that such adsorption is due to 
“rejection” of the adsorbed material from the body of the liquid, the material 
“rejected” being that which has the lowest charge to mass ratio. Incidentally, 
the concentration of such material at the surface will accomplish the maximum 
reduction of surface energy, which is a basic principle of physical chemistry. 
Adsorption at free liquid surfaces may, therefore, be ascribed to an “exclusion 
effect,” whereby the material is pushed to the surface because it is attracted 
back into the mass of the system with less force than acts on the other con¬ 
stituents of the system. 

The conclusion of the preceding paragraph, as will be immediately appar¬ 
ent, is exactly parallel to the “attraction intensity” principle of Traube. 7 
From Traube’s principle, we see that adsorption increases with decreased 
attraction intensity toward the body of the solution and with increased attrac- 

• Alexander’s “Colloid Chemistry,” 1, 497 (1926); see, also, “Hydrogen Ion Concen¬ 
tration,” Chap. X (1926). 

7 Alexander’s “Colloid Chemistry,” 1, 640 (1926). 
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tion intensity toward the adsorbent. This principle is adhered to in develop¬ 
ing the characteristics of adsorption at interfaces. 

The above discussion has been more or less restricted to ion adsorption, 
while it is also necessary to consider molecule adsorption. Molecules of all 
substances have greater or less external electromagnetic fields, which arise 
from the presence and motion of positive and negative charges in the atoms 
composing the molecules. According to the dissymmetry of distribution and 
the characteristics of motion of these charges within the molecule, it will be 
more or less polar, that is, it will have definite electric and magnetic moments. 
This has previously t)een discussed by Harkins. 8 While a molecule contains 
exactly equivalent amounts of positive and negative charges and is, therefore, 
exactly neutral, the unsymmetrical distribution of those charges gives the 
same external effect as though the molecule was positively charged at one end 
and negatively charged at the other. It may therefore be considered analo¬ 
gous to a pair of ions very close together and constrained to move as a unit but, 
with reference to either end, as having a small charge. We may, therefore, 
asforions, speak of the charge to mass ratio of molecules and it is evident that, 
even for highly polar molecules, the ratio is extremely small, as compared to 
that of ions of even very large mass. In addition, the strong portion of the 
external field of a polar molecule extends over a very small space (comparable 
to molecular dimensions) and outside of this space the molecule acts as though 
it were practically neutral; whereas this is not at all true for ions. 9 

From the above considerations, it follows that polar molecules will adsorb 
at a free surface in preference to ions, since the surface energy is thereby de¬ 
creased to a greater extent. Due to the vector character of the fields of polar 
molecules, it also follows that they will orient in a free surface so as to expose 
their least polar portions. It may be noted that the fields of ions are vectorial 
and that adsorbed ions will also be oriented. Since both polar molecules and 
ions will be present in the same solution, it follows that both the polar mole¬ 
cules and those ions having the lowest charge to mass ratio will tend to ac¬ 
cumulate in the surface. That is, there will be competition between ions 
and molecules for positions in the surface. Since the mobility of ions is much 
greater than that of molecules, it also seems probable that, when a free surface 
is suddenly formed, the ‘adsorbable’ ions will reach that surface considerably 
in advance of the molecules but will be slowly displaced by polar molecules as 
the age of the surface increases. That is, in the early stages of adsorption, we 
may consider the process to be (chiefly) ion adsorption, which is dynamic and 
reversible and which proceeds toward or to equilibrium; followed by molecular 

* Alexander's “Colloid Chemistry,” 1, 199 (1926) 

9 The concept of polar molecules as magnetic dipoles, as well as electric dipoles, while not 
made use of at this time, is now being investigated. It is mentioned here to call attention to 
its possible application and will be incorporated into the theory when and if adequate data 
are obtained. It is obvious that a complete description of the properties of ions and mole¬ 
cules will have to include both their magnetic and electric properties but that this will 
introduce only such changes into the theory as may be consequences of the relative moments 
of the two forces. The success of present theories based on electric forces alone indicates 
that only in relatively few cases will introduction of the magnetic moments necessitate ap¬ 
preciable revisions of theories. 
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adsorption, which proceeds to equilibrium. In the final state, then, the sur¬ 
face will consist of an equilibrium mixture of “adsorbable” ions and polar 
molecules, in which the proportion of ions to molecules present will depend 
upon their relative mobilities, concentrations and the tenacity with which 
they persist in the surface. In the final state, especially where molecular ad¬ 
sorption is high, it is entirely possible that the surface layer may approach 
static conditions and become more or less completely irreversible. 

The concept of the Helmholtz double layer is adhered to in the present 
theory. However, the double layer, as is apparent from the preceding dis¬ 
cussion, is considered to contain both ions and polar molecules. From the 
preceding discussion, it is also apparent that the oriented adsorption of polar 
molecules does not differ at all from the adsorption of layers of ions of opposite 
polarity, except that in the former case there is a ‘rigid’ binding between the 
positive and negative charges at opposite ends of polar molecules, whereas 
such is not the case where positive and negative ions are concerned. Mooney 
presented, at the Eighth Colloid Symposium , 10 the concept of the mutual 
adsorption of ions and molecules, while McBain and Williams, at the Seventh 
Colloid Symposium , 14 presented certain numerical results as to the ratio of 
ions to molecules adsorbed at free surfaces. 

In determination of interfacial potentials, by cataphoretic or streaming 
potential technique, the new theory proposes that the shear zone, across 
which the potential difference is measured, is located between the primary, 
mono-molecular surface layer and the underlying ‘diffuse’ atmosphere of 
ions and molecules. This view is taken primarily because of the results of 
Harkins and others, who have shown that surface layers are usually, if not 
always, mono-molecular; whereas Fahrenwald 12 and others have shown that 
surface layers may be poly-molecular. This apparently conflicting evidence 
may be made concordant by merely assuming that the method of one investi¬ 
gator showed the concentration of material in the primary layer; while that of 
another showed the total concentration of material in the ‘adsorption zone’ at 
the surface. The reason for assuming that the zone of shear does come be¬ 
tween the primary, mono-molecular layer and the inner diffuse zone is that, 
at that place there is the greatest discontinuity of properties between the 
opposite sides of adjacent layers . 18 Since it is considered that ions and 
molecules are mutually adsorbed in a surface, the primary layer is considered 
to consist of both these components, in proportions dependent upon the 
previously discussed factors. 

To complete this picture of surface adsorption, it may* be noted that, in 
the case of a solution in which negative ions are preferentially adsorbed, 
while the preferred orientation of polar molecules is with the negative ends 
exposed, the surface charge will vary, with the age of the surface, from zero 
to a maximum negative value, corresponding to the (approximate) equilibrium 

10 J Phys. Chem., 35 , 331 (1931). 

11 Colloid Symposium Monograph, 7 , 105 (1930). 

11 Trans. Mining Met. Engrs., 70 , 724 (1924). 

ia Andrews: Colloid Symposium Monograph, 7 , 119 (1930). 
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of ion adsorption; thru zero, corresponding to an electrical equivalence be¬ 
tween adsorbed ions and adsorbed molecules; to a low positive value, cor¬ 
responding to an equilibrium of molecular adsorption, in which there is an 
electrical preponderance of molecules over ions in the surface. It will be seen 
that this concept permits the explanation of surface charges varying, with 
time, in both magnitude and sign, without the necessity of postulating differ¬ 
ent mechanisms of action. 

Although it has not been specifically mentioned before, it is to be under¬ 
stood that, in speaking of ions and molecules, those terms refer to ions and 
molecules in the state of solvation or hydration in which they exist at the place 
and in the system considered. Each ion and molecule in solution is considered 
to be the nucleus of an adsorption complex so arranged as to minimize the 
abruptness of transition of properties between the components of the solution, 
the effect being entirely analogous to adsorption at interfaces. It is these 
complexes which adsorb at surfaces or interfaces. Adsorption of these com¬ 
plexes, however, may and probably will result in changes in the solvation 
conditions and this may be expected to materially alter the characteristics of 
the boundary layer. There must also be considered the additional probability 
that physical interaction across the interface will result in further alteration 
and distortion of these complexes. 

The preceding discussion has been directed to a consideration of conditions 
at a free surface, whereas, in dealing with emulsions, it is necessary to con¬ 
sider conditions at liquid-liquid interfaces. These conditions will now be 
discussed. 

It is known that, usually, in the case of natural brines and oils, the sur¬ 
face energy of the aqueous phase exceeds that of the non-aqueous phase. It 
therefore follows that the most stable emulsion condition is that in which the 
aqueous phase forms the dispersed phase of the emulsion. In cases where the 
reverse condition is true, the aqueous phase forms the continuous phase of the 
emulsion. There seems to be no reason why this cannot be accepted as 
generally true for all emulsion systems. From this it follows that the condi¬ 
tions at a water-oil interface, where water is the dispersed phase, are similar 
to the conditions at a free water surface. That is, the energy level on the 
water side of the interface is greater than that on the other side. Therefore 
the character of adsorption on the water side of an interface will be much the 
same as at a free water surface, except that more-polar materials will con¬ 
centrate at the interface than at a free surface, since the energy on the other 
side of the interface is now materially greater than zero, whereas it approaches 
zero on the air side of a surface. The conditions on the oil side of the interface 
will, however, be quite different from those at a free surface of the same oil. 
The energy level on the water side of the interface will now be greater than 
that on the oil side, instead of (practically) zero, as it is on the air side of a 
surface. Therefore the adsorption conditions on the oil side of a water-oil 
interface will be different both in magnitude and kind from those at a free 
oil surface. Instead of the least polar materials being in the primary layer, 
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the most polar materials will concentrate there. The conditions may be made 
somewhat more evident by referring to Fig. 1 in which adsorption at liquid- 
air and liquid-liquid interfaces is diagrammatically represented. 

Another way of arriving at the same conclusions is by the application of 
the principle stated by Harkins, that adsorption will proceed at an interface 
in such a manner as to decrease the abruptness of transition of properties from 
one phase to the other. In the case considered, the energy level in the oil is 
low, while that in the water is high. Therefore adsorption on the water side 
will be such as to place the less-polar materials in the water side of the inter- 



x.f. 
Fia. 1 


Diagrammatic Representation of Adsorption at Liquid-Gas and at Liquid-Liquid Inter¬ 
faces. Horizontal axis represents distance from interface. Vertical axis represents char¬ 
acter and intensity of adsorption. Letters in the figure indicate the side of the interface 
considered, i.e ., O-W means the oil side of an oil-water interface, while W -0 means the 
water side of the same interface. The lower case letters are ‘p’ for polar adsorption and *np’ 
for non-polar adsorption. 

face, while adsorption on the oil side will be such as to place the more-polar 
materials in the oil side of the interface. It is entirely possible that the differ¬ 
ence in character of adsorption at free surfaces and at interfaces may be the 
cause of the failure of Antonow’s law for interfacial tension as a function of 
the surface tensions of the separate, mutually saturated, phases. 

As will be apparent from the foregoing discussion, this theory involves 
the consideration of adsorption on both sides of an interface. It therefore 
follows that an interfacial layer must be at least a double mono-molecular 
layer, providing no interaction occurs between the opposing elements. If 
such interaction does occur, as for example between hydrogen ions in the 
primary layer on the water side and fatty acid ions in the primary layer on 
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the oil side, then a molecule of fatty acid may result, the hydrocarbon end of 
which is in the oil and the carboxyl end in the water. Such an effect, as is 
obvious, is quite analogous to the postulated mechanism of contact catalysis. 
Of course, the same sort of thing may occur, as shown by Harkins, in the case 
of a molecule in either phase, but partially soluble in the other, without 
postulating the interaction of ions. Such a condition should give rise to an 
extremely stable interface and this is known to be the case. If the hydrocarbon 
end is shorter, making the molecular more polar and more water-soluble, its 
efficiency as an emulsifying agent should be lower, as is the case. If the 
hydrocarbon end is much longer, making the molecule less polar and more oil- 
soluble, its efficiency as an emulsifying agent again decreases. It therefore 
follows that those fatty acids and their derivatives, whose ratio of polar 
moment to molecular weight lies between certain limits, should be the most 
efficient emulsifying agents of their class and this is known to be the case. 

At the risk of digressing somewhat from the principal topic of petroleum 
emulsions, it seems desirable to discuss some phases of the emulsion problem 
which appear to have offered much difficulty of explanation under prior 
theories. 

There is the problem of antagonistic emulsifiers, of which the case of sodium 
and calcium oleates has been chosen as an example. We know that sodium 
oleate stabilizes oil-in-water emulsions, that calcium oleate stabilizes the 
reverse type, while suitable proportions of the two substances result in no 
emulsion. The latter condition is the one which requires elucidation. In 
terms of this theory, calcium oleate in the oil will tend to adsorb on the oil 
side and will try to pass its polar end into the water, while sodium oleate in 
the water will tend to adsorb on the water side and will try to pass its non¬ 
polar end into the oil. This competition for positions across the interface will 
actually result in mutual repulsive reactions between the competing molecules, 
so that neither achieves its purpose, if they happen to be present in a certain 
proportion, and no emulsion forms. If the proportions differ from the critical, 
the external phase of the resulting emulsion is the one which contains the 
excess of soap. It may be noted that repulsive reactions across the interface, 
between adsorbable ions of like charge, would operate to reduce stability, in 
a manner similar to that just discussed. 

A difficulty of the theory proposed by Finkle, Draper and Hildebrand , 5 
which caused considerable discussion, was the case of an emulsion of benzene 
in water, with stearic acid in the benzene as the emulsifying agent. This 
emulsion apparently contradicts the principle that the emulsifying agent 
should be in the continuous phase. The explanation of the observed facts, 
under the new theory, is that, although stearic acid is soluble in benzene and 
is alleged to be insoluble in water, nevertheless, since benzene is extremely 
non-polar, while the carboxyl end of the acid is highly polar, adsorbed acid 
molecules project so far into the water phase that it is no stretch of the 
imagination to consider that they are actually in the water phase, with only 
their (extreme) ends projecting into the oil. In other words, the acid is 
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“interfacially” soluble in water, although it may not be appreciably “volu- 
metrically” soluble. This case will now fall nicely into line with Bancroft’s 
principle. 

Such an effect as is here postulated may serve at least as a partial ex¬ 
planation of the reversal of some emulsions by agitation. If the solubility 
is a function of the ratio of exposed surface to total mass, as has been proved 
in other connections, then it is not hard to see that, since agitation decreases 
particle size in emulsions and therefore increases this ratio, it may well change 
the “interfacial” solubility of some materials sufficiently to cause a reversal 
of emulsion type. In this case, then, the change in emulsion type is really due 
to an effective change of phase of the dissolved material, even though it is 
“insoluble” in one phase. Something along the same line is discussed by 
Taggart , 14 in connection with the degree of solubility of flotation agents. 
Bartell and Mack 18 also refer to the same sort of thing. They say, “Surface 
films are of two types, namely; those formed by insoluble highly adsorbed 
substances and those formed by soluble and less strongly adsorbed sub¬ 
stances.” The application of the quotation to this portion of the discussion 
is that the substance, which is presumed to cross the interface into the phase 
in which it is “insoluble,” will be very strongly adsorbed; while that portion 
of it in the phase in which it is soluble will not be strongly adsorbed. Hence 
the effective “emulsifying agent” is in the external phase, in accordance with 
Bancroft’s principle. 

The question of dual phase emulsions has boon extensively investigated, 
especially by Seifriz , 16 although his results were obtained by the addition of 
materials to the system, to cause reversal of type. The residues of dispersed 
oil, within globules of water themselves dispersed in the bulk of the oil, no 
doubt owe their stability to differences in the emulsifying agent, as Seifriz ob¬ 
serves. The present viewpoint relative to dual emulsions, which are some¬ 
times encountered in petroleum systems, considers the case under conditions 
when there has been no addition of chemicals to the system and when the 
production conditions are such as to make it fairly certain that the oil and 
water enter from a single horizon and hence are uniform in composition. 
The suggested explanation follows from the previous discussion relative to 
interfacial solubility and the effect on that solubility of alteration of area/mass 
ratio. 

It is known that, when oil and water are agitated together there is a tre¬ 
mendous range of particle sizes produced and there is also considerable dual 
dispersion. If we assume the case of an emulsifying agent having the “inter¬ 
facial solubility” postulated, we can easily see that the solubility relations may 
be sufficiently different on droplets of different sizes, so that the “emulsifying 
agent” exchanges phases at the interfaces of the smallest droplets and we are 
left with stable droplets of oil dispersed in water, which is itself dispersed in 
more of the “same” oil. In connection with natural dual emulsions, it may be 

u J. Phys. Chem., 36 , 152 (1932). 

u J. Phys. Chem., 36 , 65 (1932). 

16 J. Phys. Chem., 29 , 738 (1925). 
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remarked that they are relatively rare, which checks with the low probability 
of simultaneous occurrence of the necessary combination of properties of oil, 
water and “emulsifying agent.” 

To return to the principal topic of discussion, it was previously stated that 
the problem of emulsions consists chiefly of the determination of the physical 
characteristics, chemical composition and mode of actiomof the emulsifying 
agent, which has usually been considered to be a material present in the ex¬ 
ternal phase of the system. From the preceding discussidn, it seems apparent 
that the emulsifying agent can no longer be considered as a single material in 
one phase of the system, since the interfacial zone may consist of two Helm¬ 
holtz “double layers,” one in each phase, or it may consist of a “compound” 
Helmholtz double layer, whose central portion consists of molecules “strad¬ 
dling” the interface. These “straddling” molecules may be formed by inter¬ 
facial reaction of ions from the two phases or by the “sharing” between phases 
of molecules partially soluble in both. The problem has therefore become 
complicated to the extent that the composition of both phases of the system 
must be subjected to examination, since any component of either phase of the 
system may, under suitable conditions, aid in stabilizing the interface. 

In the study of naturally occurring emulsions in the petroleum industry, 
the problem is still further complicated by the fact that practically nothing is 
known about the composition of the various components of the oil phase 
or what components of that phase contribute to emulsion stability. Con¬ 
siderably more is known about the composition of the aqueous phase of such 
systems but even that is incomplete and inadequate, since natural brines are 
usually analysed only for their content of common inorganic constitutents. 
However, it is felt that the situation is by no means hopeless or even very dis¬ 
couraging. There seems no reason to worry excessively over the lack of in¬ 
formation as to composition, because it is believed that, whatever the composi¬ 
tion, it is the physical properties which determine the emulsification 
characteristics of the system. Therefore, if those properties, and especially 
those of the interfacial layer, can be determined, it is believed that sufficient 
information will have been obtained to enable the essential properties of the 
emulsion, under changed conditions, to be predicted. 

In the light of the foregoing remarks, it is now desired to draw a picture of 
the mechanism of formation of an emulsion interface, according to the new 
theory. The formation of a water-in-oil emulsion will be described. 

At the instant of formation of an interface, the opposed surfaces of the 
respective phases will have the same average concentrations of components as 
any cross-section within the respective volumes; that is, no adsorption has yet 
taken place. At this instant, also, the electrokinetic potentials on both sides of 
the interface, by definition, are zero and the interfacial tensions on both sides 
will have their maximum dynamic values. Ions and molecules immediately 
begin to move toward the interface, but the ions arrive first because of their 
higher mobilities. Ions of high polarity tend to accumulate in the interface on 
the oil side; while ions of low polarity tend to accumulate in the interface on the 
water side. 
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Neglecting molecular adsorption for the moment, we can consider that 
equilibrium of ionic adsorption is attained, at which instant the electro- 
kinetic potentials will have attained maximum values. While this equilibrium 
is being reached, the interfacial tensions will fall with extreme rapidity, while 
the electrokinetic potentials will increase with corresponding rapidity. 

From this stage of the process we must consider the relatively slow moving 
molecules, which are beginning to concentrate in the interface and crowd out 
the more mobile ions. To simplify the picture, we will consider that the aque¬ 
ous phase consists only of a solution of simple inorganic salts and that no 
“interfacial compounds” are formed. This enables us to dismiss the water side 
of the interface from further consideration and leaves that side at the ionic 
equilibrium stage, with the least polar ions present in the primary layer. On 
the oil side, the replacement of ions by polar molecules, oriented with their 
most polar ends toward the water, will proceed continuously. When the point 
is reached where there is electrical equivalence between the ions and polar 
molecules on the oil side, the corresponding electrokinetic potential will be 
zero, while the rate of change of interfacial tension on the oil side will have 
reached a low value. 

As the age of the interface continues to increase beyond this point, there 
will be an increasing preponderance of molecules over ions in the interface, 
until the static condition, of a complete mono-molecular layer of polar mole¬ 
cules in the primary layer, is reached. At this time, the electrokinetic poten¬ 
tial on the oil side will have attained a low steady value, of opposite sign to 
that in the early stages of the process, and the interfacial tension will have at¬ 
tained its minimum static value. 

It will be noted that attention is repeatedly drawn to the existence of 
electrokinetic potentials and interfacial tensions on both sides of the interface. 
This is believed to be entirely valid, even though the primary layer consists of 
molecules “straddling” the interface, because there are markedly different 
conditions existing between the primary layer on the oil side and the adjacent 
oil phase, from those existing between the portions of the corresponding region 
on the water side. Distinction is made today between electrokinetic potentials 
in the two phases, although these are commonly measured only for the ex¬ 
ternal phase. From the same point of view, it is entirely probable that, as 
Bancroft pointed out many years ago, there are two interfacial tensions, one on 
each side of the interface. These complications in the study of emulsions are 
unfortunate, but they seem to be inescapable conclusions of the present theory. 

Whether or not the conditions of zero potential or reversal of potential, on 
the oil side, occur as described, obviously depends upon the relative concentra¬ 
tions, polarities, etc., of the adsorbable materials in the oil phase. It may also 
be pointed out that, if the primary layers on the two sides consist of ions which 
react to form molecules “straddling” the interface, the.progression from ionic 
to molecular adsorption will occur synchronously with ionic adsorption, despite 
the fact that there may be no adsorbable polar molecules in the system. It has 
been pointed out by Clayton , 17 who referred to work of Powis , 18 that electro- 

17 ‘‘Theory of Emulsions/’ 21 (1928). 

18 J. Chem. Soc., 109 , 734 (1916). 



C. H. M. ROBERTS 


2$0 

kinetic potentials at the surface of oil drops dispersed in water decrease with 
increasing time. The explanation of the effect was not given. In addition, 
work on certain naturally occurring emulsions, performed in our laboratory, 
has clearly demonstrated the reversal of potential on the external, oil side of 
the interface. The emulsions when fresh showed strong negative cataphoresis, 
which gradually became weaker, then ceased entirely and later changed to 
weak positive cataphoresis, the whole process requiring about two months for 
completion. As far as is known, this reversal of interfaci&l potential in emul¬ 
sions has not heretofore been observed, would not ha^ce been expected under 
prior theories and could not have been easily explained. The present theory 
offers a simple explanation of this phenomenon and of that observed by Powis 
and the observations on reversal of potential were taken as a result of the pre¬ 
diction of the theory that such an effort might occur in certain emulsions. The 
observations are therefore considered to afford striking confirmation of the 
essential validity of the theory. 

As to the proposition of different interfacial tensions on the two sides of the 
interface, the situation is more difficult. While it seems entirely probable that 
this is the case, the measurement of these tensions is more difficult and has not 
yet been attempted. It is possible that a modification of the sessile drop 
method could be employed, but it has not seemed profitable for us to attempt 
it. However, another method of measurement has been used, which, although 
its true significance has not yet been discovered, has nevertheless yielded re¬ 
sults which have shown a surprisingly close correlation with some of the 
properties of emulsions. 

This method involves the measurement of interfacial tension by the ring 
method and makes use of the excellent correction factors experimentally de¬ 
veloped by Harkins . 19 DuNouy 20 notes that there is often a difference in the 
values of interfacial tension, according to whether the ring is pulled from water 
to oil or pushed from oil to water. The statement is made that the values 
from oil to water are “too low,” but that the values from water to oil “check 
perfectly even when the ring has passed through the oil before reaching the 
water.” Natural curiosity as to these statements, together with the idea of the 
existence of different tensions on the two sides of the interface, led to a series of 
measurements with known liquids. The results were most surprising, in that 
they showed a high degree of regularity in the sets of measurements, an often 
large difference between corresponding measurements of “push” and “pull,” 
and an apparently close relation between the measurements in a given direc¬ 
tion and the kinds of materials dissolved in the phase into which the ring 
passed. 

The forms of the curves and the values obtained are illustrated in Fig. 2, 
which shows the results of a series of measurements made with a certain 
sample of Nujol against distilled water and solutions of sodium chloride, 
hydrochloric acid and sodium hydroxide. Portions of a single sample of water 
were used in all cases and the chemicals were the purest obtainable but were 

19 J. Am. Chem. Soc., 52 , 1751 (1930). 

10 “Surface Equilibria of Colloids,” 173 (1926). 
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not specially repunfied In each case, the amount used was 5 grams of ma¬ 
terial, on an anhydrous basis, dissolved m 100 grams of water The chemicals 
used were Baker’s C P Analysed The water was specially distilled and 
tested for punty by constancy of surface tension 

As will be seen m the figure, m the case of distilled water, the push and pull 
values are coincident In the cases of salt and of acid, the pull values are 
coincident with the distilled water values, while the push values are materially 
lower and do not coincide In the case of caustic soda, the values of both push 
and pull are materially different from the previous determinations ^The 



Fig 2 

Interfacial Tensions 
Nil JOL vs AQUEOUS SOLUTIONS 
Odd numbered curves—IT measured by pushing from Oil to Water 
Even numbered curves—IT measured by pulling from Water to Oil 
Curves 1 and 2—Nujol vs Distilled water Temp 8s°F 

” 3 and 4— ” ” ” " plus 5% NaCl ” ;o°F 

” sand 6- ” ” ” ” ” ” HC 1 ” 72 °F 

” 7 and 8— ” ” ” ” ” ” NaOH ” 78°F 

Concentration of Solutes—5g per 100 g Water 
Determinations made with DuNouy Interfacial Tensiometer and 
corrected by use of Harkins’ factors (JACS 52 , 1751) 


coincidence of the pull values m every case but the last makes it appear that 
this measurement indicates something about the conditions m the oil phase, 
while the push values indicate something about the water phase As to the 
case of caustic soda, the natural conclusion is that the Nujol has changed and 
this is the case, since we had already determined, in an entirely different con¬ 
nection, that caustic soda is quite soluble in Nujol The large effect of caustic 
soda on the interfacial tension, which agrees with Fahrenwald’s observations 21 
on benzene, but is contrary to Harkins’ results 22 with benzene, led to discussion 


n Trans Mining Met Engrs , 70 , 682 (1924) 
n J Am Chem Soc , 39 , 549 (1917) 
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of the subject with Dr. Harkins, who suggested the desirability of a check by 
the drop method. The results of this check are shown by the crosses in the 
figure, the higher value being for drops whose formation time was five minutes, 
while the lower was for twelve minute drops; the measurements being for 
water dropped into oil. While it is recognized that these short times of drop 
formation probably involve dynamic effects and lack of interfacial equilibrium, 
the tests nevertheless served the desired purpose of substantiating the results 
yielded by the ring method and proved that, in this system at least, caustic 
soda has a large lowering effect. Another test, which attempted to eliminate 
some of the uncertainty, was made by allowing a partial drop to form and then 
stand quietly. This drop gradually lengthened and, 3^ minutes after the 
stop cock had been closed, detached from the dropping tip. It therefore seems 
quite evident that the interfacial tension was actually and considerably lowered 
by the caustic soda. 

From these and hundreds of other similar measurements, both on con¬ 
trolled systems and on natural brine-oil systems, it is apparent that there is 
no reason for calling a set of “pull” measurements correct and a set of “push” 
measurements incorrect or low. As a matter of fact, it is not at all uncommon, 
especially with natural oils and brines, to find ratios of push to pull values 
which vary from 10/1 to 1/10, or which, in a given system vary, with time, in 
the same manner. It therefore appears that there is a place for both types of 
measurement, that they have a real significyice and that they are related, in 
some manner yet to be discovered, to the adsorption conditions on the two 
sides of the interface. In view of the simplicity of the measurements, they 
seem to offer a fruitful field for investigation and it is rather astonishing that 
results such as these have not been published before. 

One obvious difficulty with the measurements is, of course, as was pointed 
out by Dr. Harkins, the question of relative wettability of the platinum ring 
by the two liquids. It is planned to repeat certain series of these measure¬ 
ments, using pyrex glass rings, which have recently been constructed. Pre¬ 
liminary measurements of surface and interfacial tensions, using both platinum 
and pyrex rings, can, however, be reported at this time. 

Surface tensions of water, benzol and Nujol give values agreeing closer 
than one percent, from which it may be concluded that contact angles do not 
enter appreciably into such measurements. This is in agreement with the 
known reliability of platinum ring measurements of surface tension of the 
most diverse materials. It also is in agreement with Harkins's views, as ex¬ 
pressed in his paper concerning the ring method for surface and interfacial 
tension. 28 

Interfacial tensions, both push and pull, for the system distilled water- 
Nujol, have been made, using both types of rings. The values measured from 
water to oil show excellent agreement, whereas the values measured from oil to 
water differ by nearly fifty percent. The scope of the measurements is not 
sufficient to warrant any conclusions at this time, but it is believed that the 


M J. Am. Chem. Soc. f 52, 1770 (1930). 
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effects may be referable to differences in surface energy relations platinum-oil 
and platinum-water, as compared to the relations glass-oil and glass-water. 
If this is at all correct, it may be expected that interfacial tension measure¬ 
ments, relatively free from angle of contact effects, may be expected from 
rings whose surface energy is either very low or very high, as compared to those 
of the materials whose interfacial tensions are to be measured. A series of 
measurements, with rings of different materials, will be made in the near 
future, in an effort to discover something definite about these relations. It is 
also suggested that information as to surface energy characteristics of solids 
may possibly be deduced from such interfacial tension measurements, in a 
fixed oil-water system, using rings, discs, knife edges, etc., of various materials. 

A consideration of the observed facts of the dependence of interfacial 
potential on the age of an interface, in a given emulsion system, and of the 
reversal of sign of potential in some emulsions, leads to the conclusion that the 
stability of an emulsion interface is not necessarily related to the potential. 
This is in at least qualitative agreement with the observed lack of relation, in 
many cases, between the stability of emulsions and the interfacial potential 
and the fact that some emulsions and colloidal dispersions fail to coagulate at 
zero or at the so-called critical potential. From the present theory, it is ap¬ 
parent that decrease of potential to zero or even its reversal is in no way re¬ 
lated, necessarily, to a decrease in stability or thickness of the interfacial 
layer, a condition precedent to coalescence, but, on the contrary, may be as¬ 
sociated with a considerable increase in the stability of the interface. The 
present theory makes such phenomena understandable without the necessity 
for recourse to the theory of critical hydration or solvation conditions and is 
therefore a desirable simplification in dealing with colloids and emulsions. 24 

The theory of critical hydration, as well as critical potential conditions, as 
discussed by Kruyt, 24 shows that hydrophobe sols are sensitive to ion concen¬ 
tration, while hydrophile sols are insensitive to ion concentration but are sensi¬ 
tive to the action of dehydrating agents. In terms of the present theory, it is 
suggested that hydrophobe sols owe their stability to ion adsorption and there¬ 
fore are sensitive to changes in ion concentration; while hydrophile sols owe 
their stability to molecular adsorption and therefore are insejisitive to changes 
in ion concentration. Another way of expressing it would be that hydrophobe 
sols are more polar than the dispersion medium and adsorb ions and molecules 
(with their more polar ends turned toward the particle), hence such sols 
should be sensitive to changes in concentration of materials which furnish 
adsorbable materials of high polarity but which are “antagonistic” to the 
materials already at the interface. Hydrophile sols, on the other hand, would 
be less polar than the dispersion medium and would tend to adsorb its least 
polar constituents. They would, therefore, be sensitive only to changes in 
concentration of materials which furnish adsorbable materials of low polarity 
and which are “antagonistic” to the materials already at the interface. 

Inasmuch as the previous discussion has considered the conditions of ad¬ 
sorption at free surfaces and at liquid-liquid interfaces and since the general 

u Kruyt: Alexander’s “Colloid Chemistry,” 1, 306 (1926). 
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problem of emulsions of necessity involves, in addition, the action of dispersed 
solids, it seems desirable to extend the discussion to a consideration of adsorp¬ 
tion at liquid-solid interfaces. 

The discussion of this condition, in terms of the present theory, is entirely 
analogous to the other two types of adsorption, with the single exception that 
there can be no appreciable alteration of the conditions on the solid side of the 
interface. Therefore, the adjustment of interfacial conditions must take place 
exclusively in the liquid phase. In adsorption at liquid-solid interfaces we 
must appreciate the two possibilities, as at liquid-liquid interfaces—i.e., the 
energy level in the solid is higher than in the liquid, in which case the more 
polar constituents of the liquid will be adsorbed; or the energy level in the solid 
is lower than in the liquid, in which case the less polar constituents will be 
adsorbed. The two cases are analogous to those just discussed in connection 
with hydrophobe and hydrophile sols. Two possible examples are polar silica 
and non-polar carbon. 

As to the mechanism of action of dispersed solids in stabilizing emulsions, 
there seems no reason to alter the previously accepted concept of such action. 
This has been adequately discussed by Briggs, 25 Harkins, 26 Gortner, 27 Bartell 
and Osterhoff, 28 and many others. The only point which it may be worth 
while to mention here is to call attention to the very different interfacial con¬ 
ditions between the solid and each liquid, as compared to those between the 
two liquids. The situation of chief interest in emulsions is when the energy 
level of the solid plus its adsorbed film is between those of the liquids, as the 
solid then assumes a position in the interface. The problem, then, is to suit¬ 
ably alter the differential interfacial action so as to cause the removal of the 
solid from the interface and its dispersion in, for the case of petroleum emul¬ 
sions, the water phase. 

In a further effort to determine the degree of truth of the present theory, as 
regards adsorption of ions and molecules at the liquid-liquid interface, some 
experiments are in progress, in which natural emulsions are concentrated by 
gravity settling, the free oil and water removed and the residual emulsion re¬ 
solved contrifugally. The characteristics of the several fractions are then 
determined. This work is still in its early stages, but some partial results can 
be reported at this time. The results are of interest in that they are analogous 
to those reported by Holmes for systems of known composition. 29 

Results on samples of two light-oil emulsions from the Texas Gulf Coast 
region are shown in Fig. 3, in which data on gravity, surface and interfacial 
tension, pH of brine and index of refraction are given. The additional tests 
at present contemplated are dielectric constants, conductivities, interfacial 
and phase boundary potentials, and magnetic permeabilities. It may be 
remarked that these samples were chosen for initial tests because it was be- 

“ Ind. Eng. Chem., 13 , 1008 (1921). 

* Alexander’s “Colloid Chemistry,” 1, 192 (1926). 

n “Outlines of Biochemistry,” 154-156 (1929). 

*• Colloid Symposium Monograph, 5, 113 (1928). 

21 J. Phys. Chem., 29 , 1205 (1925). 
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lieved that they might fchow minimum differences between the fractions and 
would therefore serve to indicate the adequacy of the test methods to show the 
expected differences. Also, these emulsions lend themselves very well to 
centrifugal resolution, on a laboratory scale, have no very volatile light ends 
and are statically quite stable. 

Referring to Fig. 3, the columns headed “Free” refer to water and oil re¬ 
covered by gravity settling; the columns headed “Centrif. Sopd.” refer to the 
tightly emulsified components recovered by centrifugal resolution; while 
those headed “Chem. Sepd.” refer to the oil from the residue of emulsion, 
which could not be resolved centrifugally and which had to be recovered by 


Fig. 3 

Sample No 1 Sample No. 2 


Property 

Free Centrif Sepd 

Free 

Centrif. Sepd. 

Oil—Sp. g. at 6o°F. 

0 8911 0 8933 

0 8956 

0 8956 

Surface Tension (15 min) 

29 1/72 2 0 28 9/78 o° 

29 3 / 7 * 0° 

28 9/80 o° 

Index of Refrac. 1 

4925/70 9° 1 4935/72 o° 

1 4913/83 5 ° 

1 4923/83 8° 

Brine—Sg. g. at 6o°F 

I 0728 I 0728 


I 0792 

Surface Tension(i5 min) 

6 5# 6 75 

64 6/72 o° 59 9/78 o° 


6 61 

60 7/69 o° 

Index of Refrac 1 

3502/67 3 0 1 3502/69 3° 


I 3514/84 2° 

Interfacial Tension 




0 —W 15 min 

20 9 15 3 

18 7 

15 6 

W —0 15 ” 

60 67 

16 4 

8 5 

ITdiff. 15 ” 

+ 14 9 +8 6 

+2 3 

+7 1 

Temp. 

72 2° 78 0° 

70 o° 

78 8° 

Index of Refrac 

Chem Sepd. 



Oil Sample No 1 

j 4953/72 9 



Sample No 2 

1 4959/84 2° 



Chemical Agent 

1 4811/74 5° 




All temperatures 111 Fahrenheit degrees. 


combined action of a suitable chemical and the centrifuge. In the latter cast*, 
the chemical used had a much lower index of refraction than the oil, so that 
the values for this fraction are probably somewhat low. The brine from the 
chemical resolution was not tested because it was known to contain a relatively 
high proportion of the chemical, which was water-soluble. In both cases, the 
amount of oil so recovered was too small for anything but refractive index 
tests. In sample No. 2 no free water settled out, so that but one sample of 
water, representative of the whole brine, was available. In all the work, every 
effort was made to prevent evaporation and contamination. 

It will be observed that gravities and surface tensions of the oil fractions 
do not differ appreciably, but that index of refraction data indicate a progres¬ 
sive increase with “tightness” of emulsification. Similarly, the gravities and 
refractive indices for the brine fractions show no significant differences, while 
pH increases and surface tension decreases with “tightness” of emulsification. 
The interfacial tension values given are obtained, for an age of interface of 
fifteen minutes, by reading from curves of determinations extending over a 
period of thirty minutes and represent the time when the rate of change has, in 
most cases, fallen to a low value. Those values indicate a significantly higher 
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interfacial tension (from oil to water) for the “free” components than for the 
“emulsified” ones. The data are given exactly as taken, without correction to 
standard conditions—except in the case of gravities,— as other temperature 
coefficients have not been determined 

The results seem to indicate an appreciable increase of concentration of 
polar materials in the tightly emulsified oil and an increase of (in this case) 
hydroxyl ions in the tightly emulsified brine, both of which observations are 
concordant with the requirements of the present theory/ In this connection, 
it may be recalled that Dow 30 has already shown appreciable differences be¬ 
tween the “free” and “emulsified” oil from natural emulsions. 

With reference to natural oil-in-water emulsions, of which there are rela¬ 
tively few examples in this country, the principles of the present theory in¬ 
dicate that they should owe their stability primarily to ion adsorption from 
the external phase, modified by the effect of ionic and molecular adsorption on 
the inner (oil) side of the interface. The problem of oil-in-water emulsions 
is, to a great extent, the inverse of the water-in-oil problem. 

The effects of temperature, particle size, dissolved or entrained gas, etc., 
which are often of importance in determining the formation and stability of 
emulsions, need only be mentioned as factors which alter the concentrations, 
energy relations, etc., of the primary solutions concerned. 

The direct application, of the principles of adsorption here developed, to 
problems other than those of emulsions is so obvious as to hardly warrant its 
mention. 

It will be remarked that the term “colloid” has not been employed m 
development of the present theory. There are several reasons for this apparent 
omission. 

First, the term is an extremely indefinite one and leads to no very clear 
understanding of the mode of operation of “colloids” in stabilizing emulsions. 
Its use, therefore, would serve only to discourage a more critical search for the 
specific forces which must be operative. 

Second, numerous attempts which have been made to demonstrate the 
presence of ultramicroscopically visible colloids in crude oils have failed en¬ 
tirely. 31 In this connection, Gurwitsch 82 calls attention to the very doubtful 
nature of the evidence which has been adduced to prove the presence of colloids 
in crude oils. Gurwitsch states r 33 “If, however, neglecting the cases of transi¬ 
tion, we must define a typical colloidal solution, its most characteristic proper¬ 
ties may be said to be; ultramicroscopic inhomogeneity and a capacity for 
spontaneous alteration of condition even with a constant concentration. ...” 
He then proceeds to discuss the evidence under these headings and shows that 
it fails as proof of the colloidal character of crude oils. Although it is rec¬ 
ognized that ultramicroscopic homogeneity is no absolute determination of 
non-colloidality, since the effects observed depend upon refractive index 

Bur. Mines Bull., No. 250, 85-86 (1926). 

51 Zeiss cardioid ultra-microscope, with carbon arc, used in this work. 

a “Petroleum Technology,” 183-193 (1927), translated by Moore. 

® “Petroleum Technology,” 184 (1927), translated by Moore. 
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difference, nevertheless the failure of this method was another indication of 
the desirability of a change in point of view in studying emulsion problems. 

Third, even though colloids do stabilize emulsions, they must do so by 
virtue of the physico-chemical properties of the substances composing the 
colloidal aggregates. 

Fourth, the term colloid, as it is superfluous to remark, designates merely a 
state of subdivision of matter and has no necessary relation to the properties 
of that matter, whereas the efficiency of an emulsion-stabilizing material must 
certainly depend upon its specific molecular properties. 

Fifth, the results of extensive research on petroleum emulsions have dem¬ 
onstrated the close relation between emulsion characteristics and ionic and 
molecular properties of the liquids composing the systems, whereas no system¬ 
atic relation could be found on the assumption of a colloidal emulsifying 
agent of unknown composition and properties. 

Sixth, it is known that suitable substances, whose particle sizes may range 
from molecular to macroscopic, are efficient in stabilizing emulsions. 

Therefore, it is believed that, even in cases where the so-called emulsifying 
agent happens to exist within the size range designated as colloidal, the proper 
mode of attack is to consider the specific molecular properties of the con¬ 
stituents of the system and the changes of properties due to the particular 
state of aggregation of the several components, as they happen to exist at that 
time and in that system. The problem then resolves itself into the elements 
which have been discussed, plus a modification factor based on the state of 
aggregation. It is also believed, as has already been suggested, 84 that a useful 
application of the term “colloid” would be to the emulsion itself, rather than 
to some component of the system. In such an application, the dispersed phase, 
with its surrounding interfacial zone, would be considered the colloid. Such a 
point of view might bring out more clearly some of the reasons why, for ex¬ 
ample, an emulsion of extremely small particle size is so much more difficult to 
resolve than one of larger particle size. In fact, in emulsions of such small 
particle size that the droplets exhibit Brownian movement, it appears that 
much of the behavior is quite similar to what is observed in ordinary metal sols. 

In view of all these factors, the decision was reached to forget “colloids” 
entirely and to try to describe emulsion systems in terms of the properties of 
ions and molecules and their behavior in non-homogeneous systems. The 
result of this decision is the theory which has been presented. In this connec¬ 
tion, attention must be drawn to a publication of Fischer and Harkins, 88 
relative to the characteristics of liquid-liquid interfacial films. They say, 
“The work already described proves definitely that: (i) tfce interfacial film 
which produces emulsification is not colloidal, and (2) it is not thicker than one 
molecule of the emulsifying agent, when the emulsifying agent is molecularly 
dispersed in its solution.” Those findings are exactly in accordance with the 

84 Gortner: “Outlines of Biochemistry10, 11, 33-42 (1929) 

* J. Phys. Chem., 36 , 109 (1932). 
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principles of the new theory and substantiate the wisdom of discarding the 
term “colloid” in dealing with emulsions. 56 

As will have been apparent in the course of this presentation, there is per¬ 
haps very little which can be considered as original, in the sense that it has 
never been said before. No claims of a high degree of originality are made, 
nor is it desired to appear to have employed the ideas of others without giving 
due credit. 

The development of this theory was made necessary by the failure of prioi* 
theories consistently and properly to explain the observed facts in connection 
with petroleum emulsions. 

The virtue of the theory, if any, does not necessarily rest upon its origi¬ 
nality, but upon the degree to which it permits a relatively simple, consistent 
and complete explanation of the observed facts connected with the formation, 
stabilization and resolution of emulsions in general. 

Thanks are due and are gratefully rendered to Dr. R. A. Gortner, University 
of Minnesota, for his helpful and sympathetic discussion and criticism of this 
theory and to members of the laboratory staff of the Petroleum Rectifying 
Company, especially Mr. R. L. Belshe, for invaluable assistance in experi¬ 
mental work and theoretical discussion 

Summary 

1. A general definition of emulsions has been given and some of the prior 
emulsion theories have been briefly discussed. 

2. The general properties of aqueous and non-aqueous solutions, in terms 
of ions and molecules, have been defined. 

3. The application of known facts and accepted theories of physical 
chemistry to the problem of emulsification has been discussed. 

4. The characteristics of adsorption of ions and molecules at free surfaces 
have been described. 

5. The characteristics of adsorption of ions and molecules at liquid- 
liquid interfaces have been described. 

6. Attention is drawn to the differences in adsorption conditions on the 
two sides of liquid-liquid interfaces. 

7. Explanations of some of the observed characteristics of emulsion 
systems, which have not been satisfactorily explained by prior theories, are 
afforded by the present theory. 

8. A restatement of the principal problems of emulsification, in the light 
of the present theory, is given; special reference being made to the particular 
problems of natural crude oil emulsions. 

q. The mechanism of stabilization of an emulsion interface, in accord¬ 
ance with the principles of the new theory, has been described. 

* In connection with Harkins’s paper (J. Phys. Chen; 36 ,109 (1932)) it is suggested that 
the difference between his “expanded^ and “condensed” films may be related to their ionic 
or molecular character. 
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10. The existence of and necessity for measuring the potentials and inter¬ 
facial tensions on both sides of liquid-liquid interfaces has been discussed. 

11. The measurement of interfacial tensions by the ring method, in which 
values are determined by pushing from oil to water, as well as, according to 
the conventional method, by pulling from water to oil, has been described and 
the possible meaning of the results discussed. 

12. The independence of emulsion stability and interfacial potential is 
discussed. 

13. A possible relation between hydrophobe and hydrophile sols and the 
principles of ionic and molecular adsorption is suggested. 

14. The characteristics of adsorption of ions and molecules at solid- 
liquid interfaces have been described and the effect of solids at emulsion inter¬ 
faces is discussed. 

15. The partial results of separation and determination of the physico¬ 
chemical properties of components of some natural emulsions have been pre¬ 
sented as evidence of the validity of the new theory. 

16. Natural oil-in-water emulsions are briefly discussed. 

17. The concept of “emulsifying agents” as “colloids” has been critically 
discussed and the application of the term “colloid” to the dispersed phase, 
with its surrounding interfacial zone, is suggested. 


Petroleum Rectifying Company of California , 
Long Beach, California, } 

April , 1982. 



SOME ASPECTS OF BOUNDARY LUBRICATION 
BY SOAP SOLUTIONS 


BY ROBERT C. WILLIAMS 

In the course of a study of lubrication as related to the process of drawing 
wire, some observations have been made which throw light on boundary 
lubrication in general. Boundary lubrication pertains to conditions ac¬ 
companying the relative movement of bearing surfaces separated by rela¬ 
tively thin films of lubricant as distinct from thick, fluid film lubrication. 
High pressures which are localized at points of asperity are concomitant with 
boundary lubrication. 

Wire-drawing is accomplished through the application of lubricants to the 
wire by various means. The condition of localized high pressures exists and 
lubricants vary greatly in their ability to facilitate drawing. Lubricants are 
generally applied in the form of mobile fluids (in which case they act also as 
coolants), greases or grease-like masses and powders, as for example soap 
powder. The present report is confined to the study of certain fluid lubricants, 
involving water as the continuous phase. Little if any fundamental pub¬ 
lished information exists on lubrication as related to wire drawing. 

Experimental 

The evaluation of the lubricant solutions was accomplished by drawing 
wire through a die and measuring the pull on the die or the “die pressure.” 

Fig. i illustrates diagrammatically the method employed. The wire, A , 
was pulled at constant speed through the die, B, in the direction indicated. 
The dynamometer plate, Z), was in fixed position at the base and was deflected 
to the right during the drawing process. 

The magnitude of the deflection was measured in thousandths of an inch 
by a dial gauge which was suitably mounted to make contact with the top of 
the plate, D. Various plates represented by D were calibrated so that a 
given deflection represented a pull of so many kilograms. The magnitude of 
the deflection depended on various factors, such as the size of wire drawn, 
percent reduction in cross-sectional area effected and so forth. By suitable 
choice among plates of different deflectability serious displacement of the die 
bearing from a straight line was avoided as the plate was deflected under load. 

It was necessary to keep taut the wire to be drawn and a back pull was 
therefore provided. The magnitude and uniformity of the back pull in¬ 
fluenced the pull on the die to a very marked extent. The wire to be drawn 
was taken from a spool mounted on a shaft. A pulley which served as a brake 
drum was mounted on the same shaft and a belt held taut against the pulley 
by two spring balances provided braking friction. The difference between 
the readings of the balances when the machine was operating gave the back 
pull on the wire. 
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The power for drawing was furnished by a one-quarter horse power A.C. 
motor which drove speed-reducing gears. A capstan, around which the wire 
was wrapped two or three times, was mounted on a shaft from the speed re¬ 
ducing gears. The wire was led off from the capstan to a friction driven 
take-up spool. 

The speed of drawing was approximately 30 cm per minute in the experi¬ 
ments reported here. Under most conditions, at any rate, the pull on the 
die was found to be independent of the speed of drawing between the limits of 


30 cm to 3900 cm per minute. This is in 
accord with the work of F. C. Thompson. 1 

It was essential that the wire be clean. 
This was accomplished through the use of 
organic solvents—acetone being perhaps the 
most useful. The development of chattering 
due to spasmodic seizure of the wire and 
the die while drawing indicated clean wire 
and a clean die bearing. Water exerted no 
lubricating action—chattering not being 
relieved through its use. 

The lubricant solutions were applied by 
projecting a stream onto the wire and die 
approach. In the experiments reported here 
the wire was in contact with the lubricant 
for not more than two seconds before 
entering the die bearing as the wire was 
flooded for a distance of only about 0.5 cm 
in front of the die bearing. With clean 
uniform wire and with moderately homo¬ 
geneous solutions (solutions which did not 



Fig. 1 

Wire-Drawing Dynamometer 


contain large macroscopic curds or aggregates of dispersed particles), con¬ 


secutive reading did not vary more than plus or minus five per cent. 


A Sodium Soap Solution as a Lubricant 

Aqueous solutions of sodium or potassium soaps largely constitute or are 
commonly associated with lubricants for drawing copper wire. A fairly 
pure, commercial sodium soap of moderately high titre (40.8) was selected for 
several experiments. In all of the experiments reported here hard drawn 
copper wire having a diameter of 0.0242 inch was drawn through a 0.0225 
inch tungsten carbide die at 30 cm per minute. The back tension on the wire 
was 1.8 kg. The experiments were carried out at room temperature and no 
attempt was made to exclude carbon dioxide from the air. Solutions having 
concentrations higher than 0.0072 M were not used as they were too gelatin¬ 
ous at room temperature. Surface tension was measured with the du Noiiy 
tensiometer. pH was measured colorimetrically using Hellige Klett equip- 

1 Sixth Sorby Lecture 10/10/30 pp. 1 to 24, Department of Applied Science, St. George’s 
Square, Sheffield, Eng. 
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ment. Boiled-out distilled water was used in making up the solutions. The 
results obtained with solutions of this soap are presented in Tables I and II. 


Table I 


The Relation of Concentration to the Lubricating 
Effectiveness of a Sodium Soap 


Is per Liter 

Percent Reduction in 

Pull on Die compared 
with Water* (Reduction 
means Increased 
Lubricating Efficiency) 

pH 

of 

solution 

Surface 
Tension of 
Solution in 
Dynes/cm. 

0 0072 

22 

9 4 

27.1 

0 0036 

22 

9 4 

26 7 

0 0018 

15 

9 6 

26 9 

0 00082 

11 

9 3 

26 9t 

0 00041 

11 

8 7 

29 7 

0 000205 

6 

8 3 

32 6 


* With water seizure was experienced the pull on the die then being 9 i kg This held for 
all experiments reported here. 

t The first reading at this point was 29 3, some time being necessary to reach the steady 
value of 26.9. 


Table II 

The Relation of pH to the Lubricating Effectiveness 
of a 0.0033M Solution of a Sodium Soap 


pH of Solution* 

Surface Tension of Solution 
in Dynes/cm. 

Percent Reduction 
in Pull on Die 
compared with water 

7 3 

30 7 

25 t 

8 6 

27 1 

23 

9 5 

26 9 

22 

11 7 

34 7 

19 

12 1 

34 7 

15 

12 4 

34 9 

0 

12 7 

34 7 

0 


* HC 1 was added to lower the normal pH, i.e. 9 5, and NaOH was added to obtain the 
higher values. 

t Small particles of fatty acid or acid soap at pH 7.3 apparently made both the surface 
tension and die pull readings erratic. 

As the concentration of the solution was decreased the effectiveness of the 
solution as a lubricant diminished rather sharply at a concentration neighbor¬ 
ing that which first exhibited a definite increase in surface tension. This effect 
is presumed to be due to the incomplete formation of a film of lubricating 
material on the wire—the conditions supposedly being analogous to incom¬ 
plete film formation at the air-water interface as indicated by the surface 
tension measurements. Had surface tension been measured by a dynamic 
method it is quite possible that the upward break in surface tension would 
have occurred at the same concentration as did the downward break in effec¬ 
tiveness of lubrication. 
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The pH data indicate the hydrolysis increased so rapidly with decreasing 
concentration that a maximum was reached. This increase in hydrolysis 
with dilution is in harmony with the work by McBain. 2 

A consideration of the constitution and behavior of soap solutions leads 
to an explanation of the rather surprising results given in Table II. In dilute 
soap solution the pronounced hydrolysis gives rise to free alkali, and accounts 
for the pH, fatty acid and acid soap. Addition of alkali repressed the hydroly¬ 
sis, caused the disappearance of uncombined fatty acid and acid soap and de¬ 
creased the lubricating effectiveness of the solution to zero. The equilibria in 
a soap solution system which are disturbed by the addition of alkali are given 
in Fig. 2. It was found that the addition of sodium chloride which, of course 

(NaSt)x NaSt Sr + Na' Na + + (St~) x 
Neutral Simple , , Ionic 

Colloid Molecules ' ' Micelle 

H 4 + OH-^ZtlPO 

tl tl 

2NaSt HSt Z<=± +-rtSt Nat)H 

Acid Soap 

Fig. 2 

Soap Solution Equilibrium Diagram (Sodium Stearate). 

yields the common ion, sodium, exerted no such effect on lubrication at 
equivalent concentrations as did sodium hydroxide. Since the effect of the 
sodium ion in increasing the colloidal constituents was not responsible.for the 
decreased lubrication it is apparent that fatty acid or acid soap was re¬ 
sponsible for the lubrication by the soap solution. 

A Fat Emulsion as a Lubricant 

Particularly striking were the results with an emulsion of tallow in a 
sodium soap solution which are presented in Tables III and IV. 

Table III 

The Relation of Concentration to the Lubricating Effectiveness 
of a Tallow-Sodium Soap-Water Emulsion 


Concentration 
of Emulsion* 

Percent Reduction in 

Pull on Die compared 
with Water 

pH 

Surface Tension 
of Solution in 
Dynes/cm. 

2% 

21 

9 2 

29.7 

1 % 

21 

94 

311 

o. S % 

19 

9 3 

3°-7 

0 2% 

19 

9 • 2 

31*4 

0.1% 

19 

9 0 

34-0 

O 

b 

in 

S 3 

15 

8.5 • 

' 37*3 


* A concentrated emulsion was used which contained 60% tallow (free fatty acid content 
0.5%), 20% sodium soap and 20% water. This was used in making the dilute emulsions, 
for example, 2 parts of the concentrate were used with 98 parts of water to make a “ 2 % 
emulsion.” 

* Bogue’s: “Colloidal Behavior,” 1, 410 (1924). (Good summary and bibliography.) 
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Table IV 

The Relation of pH to the Lubricating Effectiveness of 
a 2 % Tallow-Sodium Soap-Water Emulsion 


pH of 

Solution 

Surface Tension 
of Solution in Dynes/cm. 

Percent Reduction in 
Pull on Die compared 
' with Water 

6 8 

27 8 

25 

9 2 

29.7 

21 

11 7 

33 • 2 

17 

12 1 

35*4 

16 

12.4 

35-4 

9 

12 7 

35-8 

0 


It is noteworthy that the incorporation of tallow in the soap solution did 
not alter the trend of the results. Under the experimental conditions the 
relatively large proportion of tallow in the solution apparently played a 
comparatively minor role in the lubrication at the wire and die interface. 
Fatty acid or acid soap was apparently the factor upon which lubrication de¬ 
pended in this case also. 

Triglycerides which are supposedly free from fatty acid possess definite 
lubricating value though they are markedly inferior to fatty acids. Wells 
and Southcombe, 3 in their important investigations, found that it was neces¬ 
sary to add to mineral oil 6o to 8o% of rapeseed oil, which had been freed 
from fatty acids, to obtain the same degree of lubrication that was obtained 
by the addition of i to 2 % rapeseed oil fatty acids. 

The triglycerides in tallow, which should also possess lubricating value, 
did not apparently come into contact with the wire at high pH values at least. 

An Ammonium Soap as a Lubricant 

Tests similar to the above were carried out using solutions of ammonium 
linoleate. The results are presented in Tables V and VI. 

Table V 

The Relation of Concent ration to the Lubricating Effectiveness 



of Ammonium Linoleate 


Concentration 
a Mols* per Liter 

pH 

of 

Solution 

Surface Tension 
in Dynes/cm. 

Percent Reduction in 
Pull on Die compared 
with Water 

0.0714 

8.8 

26.9 

20 

00357 

8.8 

27.4 

22 

0.01785 

8.7 

27.6 

26 

0.00714 

8.6 

27 6 

28 

0.00357 

8.6 

27.6 

26 

0.00179 

8.4 

29.2 

23 


* Given oto basis of fatty acid since the ammonia volatilized somewhat. 
1 Chemistry and Industry, 39 , 51 T (1920). 
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Table VI 

The Relation of pH to the Lubricity of a 0.00714 M Solution 
of Ammonium Linoleate 


pH of 

Solution* 

Surface Tension 
in Dynes/cm. 

Percent Reduction in 
Pull on Die compared 
with Water 

8 6 

27 6 

28 

9-3 

27 4 

2 S 

9 5 

27 6 

22 

9 6 

27 6 

19 

9.8 

27 4 

19 

10.of 

27 6 

19 


* Ammonia was added to increase the pH. 

t This solution was not at all turbid. 

It is well known that ammonium soaps hydrolyze to a much greater de¬ 
gree than do sodium or potassium soaps except in the very dilute range where 
both hydrolyze almost completely. Ammonium hydroxide, being a weak base, 
produced a comparatively low degree of alkalinity in the solutions. As the 
concentration of the soap was decreased the alkalinity remained remarkably 
constant. 

It is believed that the physical state (degree of peptization) of the fatty 
acid particles is a factor which, in part, accounts for the maximum lubricating 
effectiveness of the 0.00714 M solution. Subsequent work on emulsions 
having particles of different ranges in size has given weight to this belief. 
The experiments involving the deliberate variation in pH are in harmony with 
the preceeding analogous experiments with the othei solutions. When the pH 
of the ammonium linoleate solution was markedly increased by the addition 
of sodium hydroxide the effect on lubrication was the same as previously. 

The well-known work of Sir W. B. Hardy and his collaborators 4 shows the 
importance of fatty acids and other long chain polar compounds in lubrica¬ 
tion. Although soap is an example of this type of compound the evidence 
presented here showed that soap solutions free from fatty acid do not possess 
lubricating properties. The X-ray studies by Trillat 6 indicate that fatty acid 
molecules are approximately perpendicularly oriented at the surfaces of 
solids with the COOH group turned towards the solid. With certain metals 
the nature of the spectrum at the metallic surface was such that it could be 
distinguished from the fatty acid spectrum. This difference was attributed to 
a combination of the fatty acid with the metal. It seems reasonable that in 
accordance with Trillat’s experiments, fatty acids would be much more 
readily adsorbed by metals than a soap, such as a sodium soap, which is itself 
the result of the combination of a fatty acid and a metal. 

4 Alexander’s “Colloid Chemistry,” 1, Chap. 13 (1926). Chapter including bibliog¬ 
raphy by Hardy. 

6 Compt. rend., 180 , 1838 (1925); Metallwirtsohaft, 7 , 101 (1928); 9 , 1023 (1930). 
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Summary 

An apparatus has been devised for the study of lubricants and lubrication 
as related to wire drawing in particular. 

The lubricating effectiveness of sodium and ammonium soap solutions 
was due to the products of hydrolysis, fatty acid or acid soap. 

When hydrolysis was sufficiently repressed lubrication by soap solutions 
was entirely lacking. 

When fat (tallow) was emulsified in a soap solution, lubrication was not 
appreciably affected at low or high pH values. 

No parallelism existed between the lubricating effectiveness and the sur¬ 
face tension of the solutions when the pH was varied. However, as the 
concentration of a given solution was decreased to a point neighboring that 
at which the lubricating effectiveness diminished rather sharply the surface 
tension increased. 

There was an indication that the degree of peptization of the fatty acid 
or acid soap was a factor in lubrication by soap solutions. 
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ADHESION TENSION 

A Receding Contact Angle, Pressure of Displacement Method 

BY F. E. BARTELL AND CHARLES E. WHITNEY 

During the past five years a number of investigations have been reported 
in which adhesion tension values of certain solid-liquid systems have been 
obtained. In nearly all of these investigations the original pressure of dis¬ 
placement method of Bartell and Osterhof 1 was used. With this method 
finely divided solid material is compressed into a membrane. Liquid is 
brought into contact with this membrane and the pressure is measured which 
is just sufficient to prevent movement of liquid through its pores. At the very 
beginning of the experiment liquid is allowed to advance, but very shortly 
thereafter further advance is prevented by gradually building up an opposing 
pressure. Advance of liquid is detected by noting movement of liquid in the 
indicator tube attached to the low pressure side of the system. 

At the time of the original pressure of displacement work it was assumed 
that one and only one definite equilibrium contact angle was possible for any 
given solid-liquid-air (or solid-liquid-liquid) system. The existence of ad¬ 
vancing and of receding angles was well known, but it was assumed, at least 
by us, that either an advancing or a receding angle would, within a short' time, 
so adjust itself as to give finally a definite equilibrium angle which would be 
the same whether approached from the advancing or the receding angle. We 
have since obtained good evidence that advancing angles and receding angles 
may each exist as definite, but different, equilibrium angles. A careful con¬ 
sideration of the precise method used in the earlier work led us to believe that 
the periodic increases in pressure imposed upon the system gave a final pres¬ 
sure which in nearly every case was ascribable to the effect of the receding 
equilibrium angle; we could not be absolutely certain, however, that this 
was actually the case. 

Somewhat over two years ago an attempt was made in our laboratory to 
construct an apparatus with which a liquid system advancing by capillarity 
within the pores of the membrane would automatically build up a pressure 
which would reach a maximum value and would then serve as a measure of the 
balancing or equilibrium pressure. Throughout the operation of this method 
the contact angle would at all times be of the advancing type. At present we 
need state only that much difficulty was encountered in our attempts to obtain 
reproducible values. The details of this work will be presented in another 
paper. A still later investigation on contact angles, in our laboratory (un¬ 
published), has shown that receding angles are more easily reproducible than 
are advancing angles. In view of the above findings it was decided to carry 

1 Bartell and Osterhof: Colloid Symposium Monograph, 5. 113 (1927); Ind. Eng. Chem., 
19,1277 (1927); Z. physik. Chem., 130, 715 (1927); J. Phys. Chem., 34,1399 (1930). 
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out an investigation in which the displacement pressure apparatus would be so 
operated that receding contact angle measurements would of certainty be ob¬ 
tained. In carrying out this plan the membrane pores were first completely 
filled with liquid and then the minimum pressure required to force back the 
liquid column was determined. 

Experimental 

Apparatus. 

Displacement Cell. An assembled cell and its parts are shown diagram- 
matically in Fig. 1. The cells were similar in construction to those used by 
. Bartell and Osterhof. 1 They were shorter, 

0 the chamber being about 23 mm in length ; 

JHL one end was solid except for a small outlet 

to which a connection was made with a 
x— manometer. A glass capillary indicator 

xx tube was attached to the other end of 

I \ IB IIS " f Manometer. The manometer was of 

jBi - — e the simple U-tube type with an auxiliary 

! fla or third arm. One arm of the manometer 

mm a-c was of 7 mm glass tubing. This was sealed 
y —m bk to a ground-glass joint by means of which 

I connection was made with the cell. The 

I e second arm was a capillary tube in which 

I the mercury level was regulated and 

II c . g observed. The third or auxiliary arm 

(jjJLl was joined to the bottom of the U-tube 

Flo j next to the capillary arm. It was provided 

Assembly and Details of Cell with a stopcock with which it could be 

shut off from the rest of the manometer. 
The main purpose of this third arm was to serve as a reservoir making possible 
a gradual lowering of the mercury in the capillary tube. At the lowest part of 
the manometer was a capillary outlet consisting of a stopcock and a drawn-out 
tip. This outlet was for the purpose of removing mercury slowly in order to 
bring about a gradual decrease of pressure within the manometer system. The 
connection from the manometer to the cell consisted of a ground glass joint 
above which was a 3-way stopcock. Above the stopcock was a small bulb and 
beyond this was a copper tube attached to a small union C, C', L (Fig. 1) 
with which fin&l connection was made. 

Packing Apparatus . A method was developed for packing a powder into 
the form of a membrane so that a given amount of either wet or dry powder 
might be used and give essentially the same volumes. 2 The packing or 
tamping machine used for packing the powder in the the cell was developed 
by Bartell and Jennings. 2 Briefly, it consisted of a packing plunger 2.5 kilo¬ 
grams in weight which was raised by turning a crank and caused to fall on 

* Bartell and Jennings: unpublished. 
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the powder in the cell. A suitable device held the cell in position and kept the 
plunger in alignment during its fall. The apparatus was adjusted so as to 
allow the plunger to fall a distance of 85 mm. 

Thermostat. The experimental determinations in this work were all 
carried out in an air thermostat at 2 5°C. The temperature was controlled to 
within o.i°C. 

Materials. 

Silica . The only solid used in this work was silica, a ground Ottawa sand 
of fairly high purity. It was twice treated with boiling 1 :i HC 1 , then with hot 
water and filtered. The silica was then washed with boiling water about 
twenty times. It was dried in an oven at ioo°C and muffled at red heat 
for about 2 hours. It was graded by sieving, about three-fourths of it 
passed thru at 350 mesh, the remainder was discarded. This screened powder 
contained not only particles which would just pass thru the sieve but also 
much very fine powder which if shaken up with water would not settle out for 
several days. Such variation of particle size was not desirable as the pore size 
of the compressed membranes formed with it would not be uniform. In order 
to obtain a smaller range of particle size, the silica which had passed thru the 
350 mesh sieve was stirred up in a large crock of distilled water and was al¬ 
lowed to settle for 30 minutes. The suspension which had not settled out was 
siphoned off and the settled powder was carried thru this sedimentation proc¬ 
ess again. The settled powder was then dried and again muffled at red heat 
for 2 hours. 

A test was made to determine whether the surface tension of liquids would 
be altered by standing in contact with this silica. Some of it was shaken with 
pure water. After removal of the silica by centrifuging, there was no change 
in the surface tension of the water. This indicated absence of water sol¬ 
uble impurities in the silica. 

Liquids. All of the liquids used in this work were of good grade, though not 
of “highest purity.” Determinations of the surface tensions of the liquids 
gave values which were in good agreement with accepted values. 

Experimental Procedure . 

Packing . The cell was placed in the packing apparatus. A small cir¬ 
cular piece of linen cloth was placed in the bottom of the cell. This was to 
prevent silica being forced or blown out of the cell by the fall of the packing 
plunger upon the silica. Approximately 1 gram of silica was placed in the cell 
and a piece of cloth inserted on top of it. The silica was then subjected to 50 
impacts of the plunger. About 6 one-gram increments of silica were used for 
the preparation of the membrane. The top cloth was removed before each 
addition of silica and then replaced for each packing operation. 

Measurement of Pressure and Determination of Pore Size . After a cell had 
been packed it was assembled as shown in the diagram in Fig. 2. The liquid 
(a liquid which forms zero contact angle with the solid) was then drawn into 
the cell so as to wet the membrane completely. The tube connecting to the 
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manometer was filled with liquid as far as the stopcock. It was then joined to 
the cell by means of the union. The cell was set up as shown in Fig. i, and the 
connection to the manometer made by means of the ground-glass joint. The 
mercury level in the manometer was raised until mercury filled the 3-way 
stopcock. This stopcock was turned so as to make direct connection be¬ 
tween the mercury and the liquid which extended into the cell. The mercury 
and liquid interface was then raised by loosening the valve, (B of Fig. 2), and 
raising the mercury level in the manometer. In this way the level of this 
interface was raised into the small bulb. Correction was made for the capil¬ 
lary depression of mercury in the capillary as well as for the liquid column 
which extended from the mercury level in the bulb to the cell. Since the final 
“negative” pressure was measured by the difference in the levels of the mer¬ 
cury in the bulb and in the capillary these corrections could be made simul¬ 
taneously by noting the difference in levels of the two mercury meniscii when 
the valve, B, was open, or in other words when both columns were open to the 
air. After making this reading the valve was tightly closed. The indicator 
tube was then connected to the other end of the cell. A column of colored 
liquid was placed in this indicator tube to show when movement of the liquid 
in the cell occurred. The cell and manometer thus assembled were ready 
for the determination of the displacement pressure. 

With the auxiliary arm of the manometer in direct connection, the outlet 
tube at the bottom of the manometer was partially opened. This was ad¬ 
justed so as to give a very gradual lowering of the mercury in the capillary and 
auxiliary tubes. The pressure differential was thus increased slowly until the 
liquid in the indicator tube began to move. The pressure was then allowed to 
remain constant for a few minutes until the indicator liquid again became 
stationary. This procedure was repeated until the liquid showed a continuous 
movement in the cell towards the manometer. The success of the measure¬ 
ment is dependent upon a sufficiently slow and careful increase in the pressure 
differential. The pressure differential ( t.e ., “negative pressure”) which caused 
the continuous movement of the liquid was regarded as the equilibrium dis¬ 
placement pressure corresponding to the receding contact angle. Strictly 
speaking, this pressure was that required to draw air into the liquid-filled pores 
rather than the pressure required to prevent the displacement of air from the 
pores by the liquid. The small movements of the liquid which occurred before 
the maximum or equilibrium pressure was reached were attributed to dis¬ 
placement of the liquid from the linen disc at the end of the membrane and also 
to variations in the pore radii of the membrane. A pressure less than the 
equilibrium pressure was sufficient to initiate movement in a few large pores 
and this movement continued until smaller pores were reached. The move¬ 
ment of the liquid became continuous when the maximum pressure for the 
effective pore radii was reached, for at this pressure the liquid was probably 
moving in practically all of the larger pores. 

A similar method was tried out in which the pressure was positive, t.e., 
pressure was built up by increasing the mercury head on the high pressure side 
of the system. The pressure was measured which was just sufficient to drive 
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liquid through the membrane. The results thus obtained give good agreement 
with those reported herein. The “pull method” is limited in use to systems in 
which the displacing pressure is not greater than atmospheric pressure. 

From the maximum (equilibrium) pressure values obtained the pore size 
was calculated by the equation, 

_ 2S _ 2S * 
r “ hdg “ Pg 

Data obtained in measurement of pore size of the silica membranes used 
are given in Table I. 

Table I 

Determination of Pore Size of Compressed Silica Powder Membranes 


PS r 


System 

grams/cm 2 

dynes/cm 

X io^m 

Water—Air—Silica 

469 

72.08* 

3 13 

Water—Benzene—Silica 

229 

34.76** 

3.10 

Water—Nitrobenzene—Silica 

166 

25.32** 

3 -io 



Average 

3 *n 


* Surface Tension 
** Interfacial Tension 


It might be mentioned that Bechhold, 8 and Bigelow and Bartell, 4 as well as 
others have measured pore radii of porous membranes by determining the 
pressure required to force liquid out of the pores. In principle that method and 
this one are essentially the same. 

We found it possible to measure pore size by means of liquid-liquid as 
well as liquid-air systems. Bartell and Greager 6 measured interfacial tensions 
by a displacement pressure method in a porous membrane of calcium fluoride. 
Bechhold and Schnurmann 6 have also used liquid-liquid systems to measure 
pore size of porous membranes and found that the values agree closely with 
those obtained with liquid-air systems. In carrying out similar measurements 
in this work the compressed membrane was first wetted completely with water 
and the water-organic liquid interface was then drawn into the pores. The 
pressure required to prevent displacement of the organic liquid by the water 
was then measured. 

Determination of Adhesion Tension of Contact Angle Forming Liquids . The 
determination of the adhesion tension of liquids, which in contact with air 

* The symbols used in thiB paper are the same as those used in recent publications from 
this laboratory, namely: Si = Surface tension or free surface energy of solid phase; S% « Sur¬ 
face tension or free surface energy of liquid phase; S$ ■ Surface tension or free surface 
energy of water. 

A combination of subscripts refers to interfacial tension values as Sta » interfacial ten¬ 
sion of organic liquid against water, Si 2 — interfacial tension of organic liquid against 
solid, etc. $ represents the angle of contact, P represents the .displacement pressure, and 
g represents the gravitational constant. 

* Z. physik. Chem., 64 , 328 (1908;. 

4 J. Am. Chem. Soc., 31 , 1194 (1909). 

6 Unpublished work completed in May, 1929. 

6 Z. physik. Chem., 142 , 1-24 (1929). 



272 


F. E. BARTELL AND CHARLES E. WHITNEY 


form contact angles with silica, was readily carried out by measuring the con¬ 
tact angle formed in each case. The membrane was completely wetted with 
the contact angle forming liquid, the cell and manometer set up, and the 
pressure differential increased until the liquid started to be pulled back through 
the cell. (The pressure at which this occurred was lower than that correspond¬ 
ing to the force of surface tension of the liquid and the extent of this lowering 
is directly related to the magnitude of the receding contact angle.) The 
auxiliary arm of the manometer was then shut off from the capillary by means 
of the topcock provided for that purpose, the mercury in the capillary began to 
rise as the liquid within the membrane receded. After a period of time this 
movement ceased and the liquid ’became stationary as did the mercury 
column in the manometer. The pressure remained constant at that point for 
several hours. This pressure value was quite reproducible and was considered 
to be representative of the receding equilibrium contact angle. The contact 
angle was calculated by use of the equation, 

Cos 0 = rPg/ 2 S. (2) 

The adhesion tension, A i 2 , of the contact angle forming liquid was calculated 
by use of the equation, 

A12 = S2 cos 6 f (3) 

or from the more general equation, 

A12 = S2K, 

in which K may be considered as the adhesion constant which may have a 
value greater than unity. Adhesion tension values were determined for five 
liquids which form contact angles against silica and are to be found in Table II. 

Table II 

Adhesion Tension Determinations of Contact Angle-Liquids 
Organic Liquid—Air-Silica 

r = 3.11 X lo^cm 



P 

grams/cm 2 

e 

cos 6 

dynes/cm 

Al2 

dynes/< 

Acetylene tetrabromide 

281 

2 9 °25' 

0 874 

4907 

00 

Alpha Brom-naphthalene 

260 

25°43' 

0 901 

44.00 

39-6 

Alpha Chlor-naphthalene 

256 

i8°44' 

0.947 

0 

<N 

M 

39-o 

Bromoform 

245 

23°56' 

0.914 

40.93 

37-4 

Iodo benzene 

243 

i8°oo' 

o.95i 

39*10 

37-2 


Determination of the Adhesion Tension of Water. The adhesion tension of 
water against silica was determined by the measurement of the contact angles 
formed by liquid-liquid-solid systems. The organic liquid used was one which 
forms a contact angle with silica and whose adhesion tension against silica had 
been measured as previously described. The determination of the interfacial 
oontact angle formed by the water-organic liquid interface against silica re¬ 
quired a slightly different procedure from that used for the determination of 
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the solid-liquid-air angles previously described. The compressed powder 
membrane was wetted completely with the contact angle forming liquid and 
then a small increment of silica wetted with water was packed on top of the 
silica wetted with the organic liquid. The cell was then assembled and set up 
as in previous measurements. The pressure differential was increased slowly 
within the system until movement of the liquids in the cell ceased. When this 
occurred the auxiliary arm of the manometer was shut off as in the previous 
determination and the system allowed to attain equilibrium. This was as¬ 
sumed to have been reached when the pressure differential was so great that 
there was no more displacement of the organic liquid by the water. The inter¬ 
facial contact angle was then calculated by means of the equation, 

Cos 023 = rPg/ 2 S 23 . (4) 

Since the adhesion tension, An, of the contact angle forming liquid was known 
and the value of the contact angle of the interface likewise known, the ad¬ 
hesion tension, A U) of water against silica was calculated by means of the 
equation, 

A13 == A 12 + &2J COS 021. (5) 

Five separate determinations of the adhesion tension of water against silica 
were carried out using water with each of the five contact angle forming liquids 
previously mentioned. These results are to be found in Table III. 

Determination of the Adhesion Tension of Zero Contact Angle Liquids. The 
determination of the adhesion tension of organic liquids which form a zero 
contact angle with silica was carried out by the measurement of interfacial 
contact angles. In this case, however, the adhesion tension of water was 
known and the adhesion tension, A 12 , of these organic liquids was calculated 
by equation (5). The procedure used in obtaining the interfacial contact 
angles was practically the same as in the last case mentioned, the only differ¬ 
ence being the use of organic liquids which form zero contact angles with 
silica in place of the ones which form finite angles. Thirteen such organic 
liquids were used. Eight of them had been used in previous investigations but 
were used in this work so that the results might be compared with those ob¬ 
tained by other methods. The results are given in Table IV. 

Table III 

Adhesion Tension Determinations of Water against Silica By Measurement of 

Interfacial Contact Angles 
(Water—Organic Liquid— Silica) 



P 

grams/cm 2 

023 

COS 02 i 

S23 

dynes/cm 

A u 

dynes / cm 

Acetylene tetrabromide 

221 

28°2()' 

0 879 

38 32 

76 4 

Alpha Brom-naphthalene 

242 

2 7 ° l $' 

0 88q 

4 i 57 

76 6 

Alpha Chor-naphthalene 

245 

2I°52' 

0 q 2 8 

40 24 

76 3 

Bromoform 

261 

9 °i 5 ' 

0 987 

40 35 

77 2 

Iodobenzene 

260 

16° 3' 

0 g6i 

4 i 34 

76 9 


Average 76 7 
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Table IV 

Adhesion Tension Determinations of Zero Contact Angle Liquids against 

Silica 

Water Au = 76.7 dynes/cm. K = 1.07 
Water—Organic Liquid—Silica 
r = 3.11 X io~ 4 cm 



P 

0« 

COS 023 

s» 

' s„ 

Ai, 

K* 

grams/cm 5 



dynes/cm dynes/cm dynes/cm 


Butyl acetate 

79 8 

22°20' 

0 925 

*3 2 

24 I 

64-5 

2.68 

Nitrobenzene 

'25 

4 i° 25 / 

o- 75 o 

25 3 

43-3 

57 * 7 

i -33 

Chloroform 

192 

22°I I ' 

0.926 

31.6 

26 5 

47-4 

1.79 

Benzene 

215 

I9°i6' 

0.944 

34-7 

28.2 

44.1 

1.56 

Toluene 

22 I 

2 i° 57 ' 

0.928 

36.5 

28.1 

43 2 

i -54 

Carbon disulfide 

2 26 

44 °i6' 

0.716 

48.1 

3* 2 

42.3 

i -34 

Ethyl benzene 

233 

22°20' 

0.925 

38.4 

28.5 

41.2 

*•45 

Chlorbenzene 

240 

i 5 ° 36 ' 

0.963 

37-9 

32 6 

40.2 

1.23 

Propyl benzene 

241 

23 °i 3 ' 

0 919 

40 0 

28.6 

40.0 

1.40 

Bromt>enzene 

245 

0 r 

19 20 

0 944 

39 6 

35 9 

393 

1 .09 

Butyl benzene 

249 

24° 3' 

0 9*3 

41.6 

28.8 

38.7 

*■34 

Carbon tetrachloride 

265 

2 4 ° 46 ' 

0.908 

44 5 

26.1 

36 3 

*•39 

Hexane (synthetic) 

333 

4°3 5 ' 

0 997 

5* 0 

18 2 

25 9 

1 42 


* K * Au/81 (or A,» - KS>) 


Discussion of Results 

In Tables V and VI are given adhesion tension values for a series of liquids 
against silica obtained by the original pressure of displacement method, 1 values 
obtained by the single transparent capillary tube method, 7 and values ob¬ 
tained by the present “receding contact angle pressure of displacement ” or 
so-called “pull” method. 

Reasonably good agreement is noted throughout for the adhesion tension 
values of contact angle forming liquids listed in Table V. The adhesion 
tension values obtained for water against silica show good agreement for the 
single capillary method and the “pull” method, the average values being 
75.8 and 76.7 dynes/cm, respectively. The corresponding value obtained 
with the original pressure of displacement method was 81.5 or about 6 
dynes/cm higher. This difference in values can be attributed to one of two 
things, either (1) the free surface energy of the silica (tripoli) used in the original 
investigation was different from that of the fused quartz and the sand of the 
other investigation, or (2) the higher value for the adhesion tension of water 
obtained in the original investigation was due to experimental errors in that 
work. The value obtained was dependent upon results of work with one con¬ 
tact angle forming liquid only, namely, alpha bromnaphthalene. An error in 
the determination of the interfacial contact angle of alpha bromnaphthalene 
against water would account for the difference in values obtained. This work 

7 Bartell and Merrill: J. Phys. Chem., 36 , 1178 (1932). 
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Table V 

Comparison of Adhesion Tension Values obtained by Different Methods 
Contact Angle Forming Liquids against Silica 



Original 

Pressure 

Single 

Capillary 

Present 


Method 

Method 

Method 


A12 

At 2 

An 

Acetylene tetrabromide 


43*3 

42.8 

Alpha Brom-naphthalene 

41 • I 

41.1 

39-6 

Alpha Chlor-naphthalene 


39-8 

39-0 

Bromoform 


37-3 

37-4 

Iodobenzene 


38.2 

37-2 

Water against Silica' 



(Water—Organic Liquid—Silica 

System) 



Al 3 

A13 

Au 

Acetylene tetrabromide 


76.3 

76.4 

Alpha Brom-naphthalene 

81.5 

75 9 

76.6 

Alpha Chlor-naphthalene 


76.2 

76.3 

Bromoform 


75 3 

• 77.2 

Iodobenzene 


75 5 

76.9 

Average 

8l.5 

75-8 + 

76.7 


has been rechecked and we have no good evidence of any error in the original 
work. It seems then that the most logical conclusion is that the original siliea 
used (tripoli) possesses surface properties different from those of fused quarts 
and of sand. 

In Table VI are given adhesion tension values obtained by each of the 
three methods for a series of organic liquids against silica. Again it is noted 
that good agreement was obtained with the single capillary method and the 

Table VI 

Comparison of Adhesion Tension Values obtained by Different Methods 

Zero Contact Angle Liquids against Silica 
Water—Organic Liquid—Silica 



Previous 

Pressure 

Method 

Single 

Capillary 

Method 

Present 

Method 

Butyl acetate 

72.1 

66.6 

645 

Nitrobenzene 

61.4 

57 *3 

57-7 

Chloroform 

58.7 

45-4 

47 *4 

Benzene 

5i-2 

46.5 

44.1 

Toluene 

53-4 

46.5 

43-2 

Carbon disulfide 

43-2 

40-5 

42.3 

Carbon tetrachloride 

39-5 

35 b 

36.3 

Hexane (synthetic) 


29.9 

25-9 
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“pull” method while the values obtained with the original method are uni¬ 
formly higher. These higher values are to be expected if one considers that 
the values obtained for each of these liquids is dependent upon the value for 
water used in the calculation. 

Were the value of 76 to be accepted as the adhesion tension value for water 
against tripoli (as it appears to be for the other forms of silica), then the ad¬ 
hesion tension values for the other liquids against it would be practically the 
same as obtained for them against fused quartz and sand. As above stated we 
have no good reason to believe that the earlier work is seriously in error, so we 
shall conclude for the present that the surface properties of the different forms 
of silica are different. This latter view appears to be justified from more recent 
work in this laboratory which is as yet unpublished in which it has been shown 
conclusively that the surface properties of surfaces such as of silica are de¬ 
pendent upon the precise treatment to which they are subjected. 

Work of Adi esion. Water vs. Solid Surfaces against a Series of Organic 
Liquids. It was found by Bartell and Hershberger 8 that decreases in free sur¬ 
face energies which occur when a polar solid and each of a series of liquids are 
brought together are in the same direction and of the same relative magnitude 
as the decreases which occur when the same series of liquids are brought into 
contact with water. Harkins and Dahlstrom 9 have observed that: “the 
energy relation at the interface between solid oxides and organic liquids are 
similar to those between water and the same organic liquids.” 

The data obtained in the present work tends to substantiate these generali¬ 
zations and has shown further a definite relationship between the work of ad¬ 
hesion of a series of organic liquids for silica and for water. The work of ad¬ 
hesion, W af represents the change in energy (A F) which occurs when a given 
phase, as a solid, comes in contact with a liquid, i.c., 

AF = Wa = Si + Sj - Si2. (6) 

Similarly when an organic liquid surface and a water surface come together the 
free surface energy relations may be expressed as follows: 

AF' - W.' - S3 + S, - 8*. (7) 

The free surface energies of a solid-air or of a solid-liquid interface are not 
determinable but the decrease in free surface energy which occurs when a 
solid-air interface is replaced by a solid-liquid interface is represented by the 
adhesion tension of the liquid against the solid. It is therefore permissible to 
use the following equation: 

AF - W. - A u + St. (8) 

By the substitution of appropriate data in equation (8), the work of ad¬ 
hesion of an organic liquid against silica can be calculated. Such calculations 
were made for all the organic liquids used in this work and the results are given 
in Table VII. Similarly from equation^), the work of adhesion of these same 

* Ind. Eng. Chem., 22, 1304 (1930). 

* Ind. Eng. Chem., 22, S97 (1930). 
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organic liquids against water was calculated. Also the ratios of the work of 
adhesion of the organic liquids against silica to the work of adhesion of the 
same liquids against water were calculated and are given in the last column of 
Table VII. 


Table VII 

Comparison of the Work of Adhesion of Organic Liquids against Silica 
and of the Same Liquids against Water 

Organic Liquid against Silica Organic Liquid against Water 

W a = Si — S12 + S2 or W a = A12 + S2 W a ' = Sj — Sjs + Sj. (S3 = 72.1 ergs.) 


Nitrobenzene 

Ais 

ergs 

57 7 

S 2 W a 
ergs ergs/cm 2 

43 3 101 0 

ergs 

25 3 

Sr&u Wa' 
ergs ergs/cm* 

46 8 90 1 

W./Wa' 

I 12 

Acetylene tetrabromide 

42 

8 

49 

1 

9 i 

9 

38 

3 

33 

8 

82 

9 

1 

. II 

Butyl acetate 

64 

5 

24 

1 

88 

6 

13 

2 

58 

9 

83 

0 

I 

07 

Alpha Brom-naphthalene 

39 

6 

44 

0 

83 

6 

4 i 

6 

30 

5 

74 

5 

I 

12 

Alpha Chlor-naphthalene 

39 

0 

4 1 

2 

80 

2 

40 

2 

3 i 

9 

73 

1 

I 

. 10 

Bromoform 

37 

4 

40 

9 

78 

3 

40 

4 

3 i 

7 

72 

6 

I 

08 

Iodobenzene 

37 

2 

39 

1 

76 

3 

4 i 

3 

30 

8 

69 

9 

I 

09 

Brombenzene 

39 

3 

35 

9 

75 

2 

39 

6 

32 

5 

68 

4 

I 

IO 

Chloroform 

47 

4 

26 

5 

73 

9 

3 i 

6 

40 

5 

67 

0 

I 

IO 

Carbon disulfide 

42 

3 

3 i 

3 

73 

9 

48 

1 

24 

0 

55 

6 

1 

33 

Chlorbenzene 

40 

2 

32 

6 

72 

8 

37 

9 

34 

2 

66 

8 

1 

09 

Benzene 

44 

1 

28 

2 

72 

3 

34 

6 

37 

5 

65 

7 

I 

10 

Toluene 

43 

2 

28 

1 

7 i 

3 

36 

1 

36 

0 

64 

1 

I 

11 

Ethyl benzene 

4 i 

2 

28 

5 

69 

7 

38 

4 

33 

7 

62 

2 

I 

12 

Propyl benzene 

40 

0 

28 

6 

68 

6 

40 

0 

32 

1 

60 

7 

I 

13 

Butyl benzene 

38 

7 

28 

8 

67 

5 

4 i 

6 

30 

5 

59 

3 

1 

14 

Carbon tetrachloride 

36 

3 

26 

1 

62 

4 

44 

5 

27 

6 

53 

7 

I 

16 

Hexane 

25 

9 

18 

2 

44 

1 

51 

0 

21 

1 

39 

3 

1 

12 


From this table it can be seen that the relative order of decrease in the 
values of the work of adhesion from liquid to liquid in a series of organic 
liquids is the same in the case of both silica and water. From the obtained 
ratio, WJW a ', it is to be noted that the values representing free surface 
energy changes must be of the same order for silica and water since the 
ratio obtained is quite close to unity. 

Conclusions which can be drawn from this investigation are that the 
receding contact angle pressure of displacement method is comparatively 
rapid, the results are duplicable and the adhesion tension values calculated 
from the data obtained with this method are reliable adhesion tension values 
for the systems in question. 
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Summary 

1. A pressure of displacement method was developed for the measure¬ 
ment of receding contact angles formed within the pores of a membrane of 
compressed powder. The time required to reach a final characteristic pressure 
value was much shorter than with methods previously used. 

2. The adhesion tension values for water against silica calculated from 
data obtained by this method agree closely with values obtained by the single 
capillary method. They are about 6 dynes/cm lower than the values obtained 
by the previous pressure of displacement method. 

3. The adhesion tension values and the contact angle values obtained by 
this method for liquids which form contact angles with silica are in close 
agreement with values obtained by the single capillary method. 

4. The adhesion tension values of various organic liquids (including zero 
contact angle forming liquids) against silica determined in this work agree 
closely with those obtained with the single capillary method and are consistent 
with those obtained in previous displacement pressure work. 

5. The adhesion tension values against silica of several organic liquids 
not previously used have been determined. 

6. Further evidence has been obtained that the free surface energy 
changes which occur when given organic liquids come in contact with polar 
solids are of the same relative order as the corresponding energy changes 
which occur when these same liquids come in contact with water. The ratio 
of the work of adhesion of an organic liquid with silica, W ai to the work of 
adhesion of the organic liquid with water, W a \ is a constant whose value is 
close to unity (ave. value = 1.1+). 

Umvcrnity of Michigan 

Ann Arbor, Michigan . 



ALUMINA LAKES* 


BY WILDER D. BANCROFT AND ESTHER COE FARNIIAM 

Reinmuth and Gordon 1 have prepared what they claim to be the aluminum 
salt of Orange II acid by several methods. Since many alumina lakes are 
adsorption complexes and not definite chemical compounds, it seemed de¬ 
sirable to make a phase rule study of the alumina lakes of alizarin and Orange 
II. The Orange II was furnished us through the courtesy of the duPont 
Company. The free acid was prepared by the method of Sisley. 2 Orange II 
acid is soluble enough in water to be used that way; but alizarinic acid must be 
used in alcoholic solution. 

Powdered alumina from Kahlbaum has been calcined and is quite inert to 
acids. It took up no alizarinic acid from alcoholic solution and did not react 
with Orange II in aqueous solution. Sulphuric acid (1-20 N) had no action on 
it in one week. An alumina catalyst was prepared by heating aluminum 
nitrate in the usual way. It was only colored a faint pink after standing for a 
week in contact with a saturated solution of alizarinic acid in alcohol. 

Alumina was then precipitated from aluminum chloride with a slight excess 
of ammonia. The precipitate was washed five times by decantation, filtered, 
and dried partially between filter paper. It was then suspended in sufficient 
alcohol to form a thick suspension, which was filtered through cheese-cloth to 
give uniformity. This suspension was evaporated to dryness and the solid 
heated in an oven at no° for forty-eight hours. The fine powder required 
very little grinding before use. The alcohol treatment is useful in dehydrating 
the gel partly. It thereby prevents the caking which is generally noticed when 
water suspensions of alumina are dried. A more adsorbent form of alumina 
was also prepared by precipitating the gel as described and using the alcoholic 
suspension without further treatment. 

Pure sublimed alizarinic acid was dissolved in absolute alcohol. A satur¬ 
ated solution was found on drying to contain about 1.7 mg / cc. The solu¬ 
tions were allowed to stand in stoppered flasks for threes, weeks at room tem¬ 
perature in contact with 0.2—0.3 g A 1 2 0 3 . About half the supernatant liquid 
was removed, centrifuged, and analyzed by the oxidation method described by 
Weiser. 1 The data are given in Table I and Fig. 1, where No. 1 is with dried 
alumina, Nos. 2 and 3 with two different samples of suspended alumina. In 
all three cases the concentrations in the solutions vary continuously and we 
are therefore dealing with adsorption over the ranges covered by the table. 

* This work is done under the programme now being carried out at Cornell University 
and supported in part by a grant from the Heckscher Foundation for the Advancement of 
Research established by August Heckscher at Cornell University. 

1 Coll. Symp. Mon., 7 , 161 (1930). 

8 Bull., (3) 25 , 862 (1901). 

1 J. Phys. Chem., 31 ,1824 (1927). 
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Table I 

Alumina and Alizarinic Acid in Alcohol 
Length of run: three weeks 

A = Milligrams alizarinic acid per gram alumina 


B = Milligrams alizarinic acid per cc solution 
Dried Alumina __ Alumina Su spension 


A, 

Bi 

A t 


A* 

B, , 

As 

B, 

3 & 5 

0 10 

76 s 

0 85 

116 

8 

O 

116 

0 08 

34 

0 18 

95 

1 07 

200 

0 07 

139 

0 36 

45 

0 25 

81 

1 18 

202 

0 33 

132 

0 72 

53 

0 31 

125 

1 43 

248 

0 50 

163 

0 77 

72 

0 52 

102 5 

1 47 

268 

0 72 

148 

1.02 



In Run 2 there is practically complete exhaustion of the bath at low concentra¬ 
tions and it might be claimed that this represented an insoluble compound 
which then adsorbed alizarinic acid. The simplest answer to this is that 116 
mg alizarinic acid per gram alumina corresponds approximately to a formula 
AljsCCuHWW, which is absurd. 

Since Orange II acid is moderately soluble in water, the first run was made 
with an aqueous solution and a suspension of alumina prepared by precipita¬ 
ting an aluminum chloride solution with ammonia and washing five times by 
decantation. The concentrations of the stock solutions and the solutions in 
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final equilibrium were determined by the titanous chloride titration method of 
Knecht, 1 which was found to be quite satisfactory. The data are given in 
Table II. 

Table II 

Alumina and Orange II Acid in Water 
Length of run: three weeks 

A = Milligrams Orange II acid per gram alumina 
B = Milligrams Orange II acid per cc solution 


A 

B 

A 

B 

66 

0.640 

2150 

0.625 

710 

0.640 

2890 

0.625 

1163 

0.615 

3340 

0.615 

1808 

0.640 

3980 

0.655 


The entire range gives a practically constant value for the concentrations 
of the solutions, thus showing the existence of two phases and confirming the 
conclusion of Gordon that a definite chemical compound is formed under these 
conditions. Qualitative observation of the systems during the progress of the 
reaction bears out this conclusion. The Orange II lake settles out immediately 
on mixing and is probably then an adsorption complex. After standing for five 
days at room temperature needle-like crystals could be observed in all the 
flasks. Some of these crystals were over an inch long. Careful inspection 
showed that the powdery mass of almina had been replaced by a mat of 
crystals. Analyses of some recrystallized samples gave 96.7 percent dye acid 
instead of 97.3 percent required by A 1 X 3 . That is close enough for our pur¬ 
poses. 

One sample of an aqueous alumina suspension, which was about one year 
old, was treated with an equal volume of the dye acid. Crystals of the alumi¬ 
num salt were noticed in a few hours. A sample of alumina prepared by heat¬ 
ing aluminum nitrate was treated in the same way. This alumina had been 
shown previously to have practically no adsorbing power for alizarinic acid. 
With Orange II acid a slight swelling of the particles was noticeable after 
forty-eight hours. After standing for two weeks the appearance of the sample 
was very interesting. The large particles of alumina retained their original 
form; but small radiating crops of needles seemed to sprout from them. At 
the end of two months the alumina had disappeared partly and a good deal of 
crystalline material had formed. 

When alumina was treated with aqueous solutions of the sodium salt of 
Orange II, the result was apparently an adsorption isotherm as shown in 
Table III and Fig. 2. 

1 Knecht and Hibbert: “New Reduction Methods in Volumetric Analysis” (1925). 
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Table III 

Alumina and Sodium Orange II in Water 
Length of run: three weeks 

A = Milligrams Orange II adsorbed per gram alumina 

B * Milligrams Orange II per cc solution 
A B A B 

411 1 70 115 5 , 5 25 

865 3 32 1490 7 02 



DY£ &OSORBGO- m$/f &J 2 0 3 

Fig. 2 

Sodium Salt of Orange II in Water and Alumina 

This unexpected result might be due to one of two causes: 

1. Orange II is adsorbed in the form of the sodium salt (the obvious 
explanation). 

2. The dye reacts with alumina to form a definite compound; but 
the resulting change in caustic soda content is sufficient to cause a variation 
in the solubility of the compound, which simulates adsorption. The second 
alternative is ruled out because the pH of the solutions varied between 7.2 and 
7.6, whereas, it should have been between 11.0 and 11.8 if all the sodium hy¬ 
droxide corresponding to the dye had remained in the solution. 

On the other hand special analyses showed no decrease in the amount of 
sodium in the solution. This is analogous to what was found by Weiser for 
sodium alisarate; the explanation is undoubtedly the same in the two cases. 
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Our alumina was impure and contained ammonium chloride. The Orange II 
anions are exchanged for chloride ions and the sodium ions left in solution. 
If we were to start with a pure alumina, made from amalgamated aluminum, 
we should undoubtedly get adsorption of the salt of Orange II acid just as was 
done in the case of sodium alizarate. Unfortunately, time did not permit of 
this experiment being done at present. 

In order to tie in the results with Orange II acid and those with alizarinic 
acid, a set of experiments was made with alcoholic Orange II acid and an 
alcoholic suspension of alumina. The results are given in Table IV and Fig. 3. 



Table IV 

Alumina and Orange II Acid in Alcohol 
Length of run: three weeks 

A = Milligrams Orange II per gram alumina 
B = Milligrams Orange II per cc solution 
A B A B 


498 

0.046 

3810 

372 

1195 

0.197 

S030 

00 

!>. 

rO 

2425 

o -834 




The curve shows a first portion which seems to indicate adsorption, fol¬ 
lowed by a flat due to the formation of the chemical compound obtained by 
Gordon and confirmed by us. It was noticed that crystals of the aluminum 
salt were plainly visible in the last two reactions flask, while no crystals could 
be detected in the first three. The alumina, however, was colored orange. 
Since the aluminum salt of Orange II acid is appreciably soluble in alcohol, 
the first portion of the curve is of an adsorption curve modified by solubility. 
For extreme accuracy a correction would have to be made for the amount of 
aluminum salt in solution. This correction has not been made. 

It is not clear why Orange II acid should form a compound readily with 
alumina while alizarinic acid does not. Orange II is a stronger acid than ali¬ 
zarinic acid; but that is not the whole thing because sulphuric acid, which is a 
still stronger acid, is adsorbed by alumina from low concentrations in aqueous 
alcohol. 
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We hoped to be able to show that alumina precipitated from a sulphate 
solution would take up less alizarin than alumina precipitated from a chloride 
solution, because of the greater adsorption of sulphate over chloride. It is 
well known that some acid dyes which are not affected by sodium chloride can 
be stripped from wool to some extent by sodium sulphate. This result was 
not attained because, under the conditions of our experiments, alizarin ions 
are adsorbed so much more strongly than either sulphate or chloride ions that 
any difference between the last two is negligible. By adopting a new method 
of precipitating lakes we were able to get some new and interesting information 
in regard to alumina-alizarin lakes. 

The standard method of making alumina-alizarin lakes is: to precipitate 
the alumina with ammonia, sodium carbonate, or caustic soda; to wash it 
several times by decantation or by centrifuging; and then to add the dye to 
the alumina suspension, usually following this with addition of a solution of 
calcium acetate to effect more complete precipitation of the dye. Since we 
wished to study the effect of various salt ions, we substituted for this pro¬ 
cedure one which we call the one-step process. This consists in treating a 
known solution of an aluminum salt with the calculated amount of standard 
alkali, adding the desired amount of dye immediately. A later improvement 
by Dr. H. L. Davis is to mix the dye and the alkali, adding this mixture to the 
solution of the aluminum salt. 

The advantages of the one-step method for our purpose are three-fold: 

1. It saves the time and loss due to washing. 

2. It makes possible the study of the effect of the salts present (NaCl, 
NajSCh, etc.). 

3. It eliminates practically completely effects due to the ageing of the 
undyed alumina. 

It became apparent at once that, in order to use this method to advantage, 
we needed to know more about the efficiency of alkali and of dye salts in 
precipitating alumina from solution in the form of a lake. This problem has 
been discussed in part in the paper, 1 on “Titration Curves for Aluminum Salts 
with Alkalies. ,, The results which are now given have to do with the effect of 
sodium alizarate as a precipitating and dispersing agent. 2 

The solutions used were normal aluminum chloride and aluminum sul¬ 
phate, standard 0.25 N sodium hydroxide and 0.024 N (0.012 M) sodium 
alizarate. Table V shows a preliminary run with constant equivalent amounts 
of aluminum chloride and aluminum sulphate, and varying amounts of dye and 
alkali. The solutions were mixed in the order previously described, the total 
volume was made up to 20 cc, and observations were made at the end of 
twenty-four hours. The data are given in Table V. 

1 Davis and Famham: J. Phys. Chem., 36, 1057 (1932). 

* This property of alizarin has been known for some time. Knecht (“Manual of Dyeing,” 
2, 574) states that “an excess of alizarin prevents the precipitation of aluminum hydroxide 
from its salts with ammonia.” 



ALUMINA LAKES 


285 


Table V 

Precipitation of Aluminum Salts by Sodium Alizarate and Sodium Hydroxide 
One aluminum atom is equivalent to three mols NaOH 

A 2 cc N A 1 C 1 , 

Equiv. cc 

NaOH dye Observations 

2 2 no precipitate formed 

3 2 complete precipitation and exhaustion 

4 2 partial precipitation; supernatant liquid light orange 

2 4 slight precipitation; no exhaustion 

3 4 nearly complete precipitation; supernatant liquid slightly yellow 

4 4 partial precipitation; exhaustion not complete; supernatant liquid 

light red 

B 2 cc N A 1 2 (S 0 4 ) 8 

2 2 nearly complete precipitation; supernatant liquid light orange 

3 2 complete precipitation and exhaustion 

4 2 partial precipitation; dark red lake; supernatant liquid light orange 

2 4 practically complete precipitation; supernatant liquid light orange 

3 4 complete precipitation and exhaustion 

4 4 partial precipitation; supernatant liquid light orange 

An examination of Table V shows that the precipitation range for the sul¬ 
phate lakes is wider than that for the chloride lakes, which is in accord with 
what had been found previously for the action of alkali alone upon aluminum 
salts. Sodium alizarate behaves in general something like sodium hydroxide, 
causing precipitation in small amounts and dispersion in large amounts. 

In Table VI are given results when the aluminum chloride or sulphate was 
kept constant at 2 cc, and the caustic soda at two equivalents, while the amount 
of dye varied. In order to simplify the tabulation, the following symbols are 
used for describing the tubes : 

1. Indicates a clear solution; red with no precipitate. 

2. Indicates partial precipitation of alumina. 

a) complete exhaustion. 

b) incomplete exhaustion. 

(degree of exhaustion is indicated by minus signs for very slight color 
in the supernatant liquid and by plus signs for much color). 

3. Indicates complete precipitation of alumina. 

a) complete exhaustion. 

b) incomplete exhaustion. 

It is somewhat difficult to judge between 2 and 3. The variation in the 
volume of the precipitate was used as a preliminary indication and confirmed 
by testing the liquid with ammonia. 
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Table VI 

Precipitation and Peptization of Alumina Lakes by Varying Concentrations of 

Sodium Alizarate 


A = 2 cc N A 1 C 1 ,; B - 2 cc N Ali(S 0 4 ) 3 
Equivalents of sodium hydroxide = 2 ~ 
O = observations after twenty-four hours 


cc dye 

O-A 

O-B 

cc dye 

O-A 

* O-B 

1 

2b 

2a 

7 

1 

1 

2 

3» 

3a 

8 

1 

1 

3 

2b 

2b + 

9 

1 

1 

4 

I 

1 

10 

1 

1 

5 

r 

1 

11 

1 

1 

6 

1 

1 

12 

1 

1 


At the end of twenty-four hours all those tubes which did not give clear, 
colorless, supernatant solutions (those not marked 2a or 3a) were treated as 
follows: 

Five cc of the supernatant liquid were drawn off and placed in a small test- 
tube. To the aluminum chloride solutions there were added 5 cc of saturated 
sodium chloride solution, while an equivalent amount of saturated sodium 
sulphate solution was added to the aluminum sulphate solutions. The tubes 
were stoppered, shaken, and examined after having stood for twenty-four 
hours. This use of two different salt solutions is not the usual procedure. In 
these experiments the object was to have the two systems exactly comparable 
except for one variable, the inorganic anion. By using the same anion in the 
aluminum salt and in the added salt it is possible to observe the difference due 
to only one cause with no complicating factors to consider, such as would re¬ 
sult if we used chloride and sulphate initially and sulphate finally in both cases. 
This would give in one case three competing anions, sulphate, hydroxyl, and 
alizarate; in the other case four, sulphate, hydroxyl, alizarate, and chloride. 
The results are given in Table VII. 

Table VII 

Flocculation of Peptized Alumina-Alizarin Lakes 
A = aluminum chloride lakes with sodium chloride 
B = aluminum sulphate lakes with sodium sulphate 
O = observations after twenty-four hours 
cc dye = concentration of dye per 20 cc in original 


cc dye 

O-A 

O-B 

cc dye 

O-A 

O-B 

1 

3» 

— 

7 

♦ 

1 

2 

— 

— 

8 

* 

1 

3 

3a 

3a 

9 

* 

1 

4 

3» 

3a 

10 

3b 

3b 

5 

3a 

3b 

11 

3b 

2 b+ 

6 

3b 

3 b 

12 

2 b(?) 

2 b++ 


* These tubes show the full red color; but a partial precipitation of the lake can be de¬ 
tected by a cloudiness at the bottom of the tubes. 
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All tubes containing more than 3 cc dye fail to form precipitated lakes. 
This is due to the fact that the dye anions, being adsorbed strongly, exert a 
peptizing action upon the lake which is comparable with that of excess sodium 
hydroxide. For alumina alone about 4.2 equivalents of alkali are sufficient to 
redisperse alumina in an aluminum chloride system, while 4.7 equivalents is 
needed for the sulphate system. If we consider 4 cc of dyes being the first 
completely redispersed system in the presence of two equivalents of caustic 
soda, we must then assume that 4 cc of the dye are equivalent to at least 2.2 
NaOH. Since the dye solution is 0.024 normal, 4 cc = o.ooq6 normal cc. 2 
equivalents of NaOH = 1.33 normal cc per 2 cc A 1 C 1 S . 4.2 equivalents of 
NaOH = 1.4 cc and 1.33 + 0.096 = ] .429 cc. It is thus evident that the dye 
solution is about equivalent in peptizing power to the same amount of sodium 
hydroxide. This knowledge is very useful in the preparation of alizarin lakes 
by the one-step process. 

In the chloride suspensions of alumina a positively charged lake is formed 
m the presence of 1 cc of dye. This is due to the fact that an excess of alumi¬ 
num chloride is present, the peptizing power of the strongly adsorbed, trivalent 
aluminum ion overcoming the effect of the weakly adsorbed chlorine ions and 
stabilizing the sol. In the sulphate solutions the bivalent sulphate ions are 
adsorbed strongly enough on the acid side to prevent this action. 

The addition of sodium chloride or sodium sulphate flocculates the sols 
resulting from the presence of an excess of dye, even though these are negatively 
charged sols. The flocculation must be due to an adsorption of sodium ions in 
preference to chlorine and sulphate ions. With the negatively charged sols 
there is thus a reversal of the anion effect, sodium sulphate having less floccu¬ 
lating power than sodium chloride because sulphate ion is adsorbed more 
strongly than chloride ion and therefore tends to keep the sol more negative. 
This is identical with what was observed years ago with albumin sols. Both 
alumina sols show a region of maximum stability on addition of a definite 
amount of sodium chloride or sulphate. For this concentration this region 
occurs with 7-9 cc dye. The sulphate sols remain perfectly clear for twenty- 
four hours after the addition of salt, while the chlorides are precipitated par- 
t lally. Beyond this range is anot her of comparatively low stability, followed by 
a third, stable, repeptization zone. This is a striking example of the well- 
known irregular series. 1 

It is easy to see that the action of alkali on aluminum sulphate and alumi¬ 
num chloride should produce a precipitate at lower concentrations in the sul¬ 
phate solutions; but it is not at all clear why more alkali is necessary to peptize 
the alumina from the sulphate solution. It should be the other way round. 
This probable explanation is that the difference is apparent and not real, being 
due to the fact that the alumina from the sulphate solution is much denser and 
is apparently less hydrous than that from the chloride-solution. 

Bancroft and Ackerman 2 have accounted for the polygenetic nature of 
alizarin with different mordants by postulating the presence of yellow, un- 

• Kruyt and van Klooster: “Colloids” (1927). 

2 J. Phys Chem., 35 , 2568 (1931). 
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dissociated alizarinic acid, red alizarate ion, and purple undissociated sodium 
alizarate. Dr. H. L. Davis has pointed out to us that it would be more in line 
with the views of Hantzsch 1 to postulate the existence of several, colored, 
tautomeric, alizarinic acids. Sorensen 2 describes the use of alizarin as an in¬ 
dicator. He records two distinct color changes: yellow to red at pH 5-S-6.8, 
and violet to purple at pH 10.1-12.1; the change from red to violet is 
gradual. By very careful addition of alkali to a dilute solution of alizarinic 
acid, one easily obtains all four colors: yellow, red, violet and purple (blue). 
Even assuming that the violet form is a mixture of red and the blue, there are 
three, distinct, colored forms of alizarinic acid, and it is necessary to assume 
some tautomeric changes to account for these differences. 

The nature of the solvent often has a great effect on the equilibrium be¬ 
tween two forms, but it should have no effect on the nature of the form crystal¬ 
lizing from the solution, provided the crystals do not contain solvent of 
crystallization. Meyer and Jacobson, 8 not knowing the phase rule, state that 
alizarinic acid crystallizes in yellow crystals from alcohol, but in orange-red 
crystals from other organic solvents. Special experiments showed that solu¬ 
tions of alizarinic acid in chloroform, carbon tetrachloride, ether, n-butyl 
bromide, and paraldehyde are yellow, solutions in alcohol and acetone are 
orange-yellow, and solutions in benzaldehyde are orange. Alizarin crystal¬ 
lized from these solvents in yellow to yellow-orange crystals, depending on the 
size of the crystals. When powdered, all the crystals were the same yellow. 

The behavior of a pyridine solution is interesting. In pure, dry pyridine 
alizarin dissolves to form a yellow solution. On dilution with a small amount of 
water the solution becomes red,changing to purple as still more water is added. 
This change is in the direction one would expect from increasing alkalinity. 

If the polygenetic character of alizarin is due to tautomerism and if this 
tautomerism is affected by the pH of the solution, it should be possible to 
change the color of alizarin lakes by varying the pH. Experiments were there¬ 
fore made with alumina and tin lakes. 

It was found possible by special manipulations to change the color of the 
alumina-alizarin lake through the entire series from yellow to violet and back 
to red. The alumina was prepared by heating aluminum nitrate. While this 
alumina does not take up much alizarin, it has the advantage of not being 
peptized readily by acid or alkali. A dilute solution of alizarinic acid in 
alcohol was treated with a slight excess of caust ic soda. While sodium alizarate 
is not very soluble in alcohol, a purple, apparently clear, solution can be ob¬ 
tained. When shaken with alumina a lavender lake was obtained, which 
changed to pink on washing with water. Washing with a three percent tartaric 
acid solution changed the color to yellow. Washing with caustic soda solution 
restored the original lavender color. A red lake was prepared by treating 
alumina with alcoholic alizarinic acid. When treated with a solution of 
phosphoric acid, the lake became yellow. Washing with caustic soda solution 
changed the lake to a violet red. 

1 Cf. Heinrich (Johnson and Hahn): “Theories of Organic Chemistry,” 382-478 (1922). 

> Biochem. J M 21, 241 (1909). 

* “Lebrbuch der organischen Chemie,” 2, II, 555 (1903). 
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Tin mordant was prepared by the method described by Ackerman. It 
was suspended in alcohol and treated with an alcoholic solution of alizarinic 
acid. A yellow lake was formed. The mixture was made alkaline with am¬ 
monia, after which acetic acid was added drop by drop until a red shade re¬ 
sulted. On filtering, a red lake was formed which was fairly deep in color and 
reasonably fast to washing with alcohol and water. The color is actually more 
nearly an orange red than the cherry red of the alumina lakes. With sodium 
alizarate and alkali tin gives a purple lake. 

We see that alumina lakes are red over a wide range of pH; but can be ob¬ 
tained yellow or purple. With stannic oxide the red lake exists only over a 
narrow range of pH, the yellow occurring over most of the acid range and the 
purple over most of the alkali range. With other mordants one would prob¬ 
ably get ranges intermediate between these two extremes. 

The general results of this investigation are: 

1. By using alcohol as a solvent it is possible t o make a phase rule study of 
alizarinic acid and alumina. 

2. Kahlbaum’s alumina is practically inert towards alizarin. Alumina 
obtained by heating aluminum nitrate adsorbs alizarin slightly. A precipi¬ 
tated alumina dried at ioo° is a moderately good adsorbent. Freshly precipi¬ 
tated, washed alumina is a good adsorbent. 

3. At ordinary temperatures alizarin forms no definite chemical com¬ 
pound with alumina. The alumina-alizarin lakes are adsorption complexes. 
This confirms the results of Weiser and Porter. 

4. Orange II acid forms a definite chemical compound, A 1 X 3 , with alumina 
both in aqueous and in alcoholic solution. This confirms the results of Rein- 
muth and Gordon. At low concentrations Orange II acid is adsorbed by 
alumina. This was not discovered by Reinmuth and Gordon, who did not 
study this range. 

5. The sodium salt of Orange II is adsorbed by alumina, no definite chemi¬ 
cal compound being formed. This was not discovered by Reinmuth and Gordon. 

6. Caustic soda and sodium alizarate have been shown to be nearly 
equivalent in the precipitation and dispersion of alumina. 

7. The negatively charged lakes formed by peptization with sodium 
alizarate are destabilized by sodium chloride and sodium sulphate owing to 
adsorption of sodium ions. There is a reversal of the order of the anions just 
as there is with albumin. 

8. The color of an alizarin solution can be varied over the entire range 
from yellow to red to violet (to blue) by a progressive increase in pH. Since 
this is apparently due to tautomeric changes, one must at least assume the 
existence of yellow, red, and blue (purple) alizarinic acids. 

9. The colors of alizarinic acid dissolved in pyridine can be varied through 
the entire range by adding water which increases the alkalinity. 

10. Under suitable conditions one can prepare alumina and tin lakes of all 
the colors. With alumina the red is stable over a wide range of pH and with 
tin over a narrow range. 

Cornell University, 



ELECTROKINETICS XII. INTERFACIAL ENERGY AND THE 
MOLECULAR STRUCTURE OF ORGANIC COMPOUNDS II. 
AljOj—ORGANIC LIQUID INTERFACES* 

BY OTTO (i. JENSEN AND ROSS AIKEN GORTNER 

Introduction 

Considering the ultimate electrical nature of matter, it is logical to expect 
that measurements of the electrical properties of a molecule would prove 
fruitful in elucidating its structure. This has proved to be the case. De¬ 
terminations of the dielectric constants of organic compounds have been 
numerous. In themselves, they are of limited value, but together with density 
and refractive index determinations, they play an important part in the newer 
theories of the structure of matter. The dipole moment of a molecule is a 
measure of its electrical asymmetry. Phenomena such as molecular associa¬ 
tion and adsorption are caused by the stray electric fields of molecules result¬ 
ing from a lack of balance amongst their electrical components. 

This study is concerned with the measuring of these unbalanced electrical 
forces at the boundary of two contiguous phases. More specifically, it is a 
study of the molecular structure of certain organic compounds by means of 
streaming potential technic. 

Historical 

The literature has been already adequately reviewed by Briggs, 1 Bull and 
Gortner, 2 and Martin and Gortner 8 in earlier papers in this series, so that 
only the more recent contributions need mention. 

Most of the records in the literature are expressed in terms of the electro- 
kinetic potential (f-potential) calculated by the formula 


Pe 

where 17 = coefficient of viscosity, H = observed E.M.F., k, = specific con¬ 
ductance of the liquid in the diaphragm, P = hydrostatic pressure, t = di¬ 
electric constant. 

Bull and Gortner 2 ’ 4 have determined the effect of different electrolytes in 
various concentrations on the f-potential, the density of charge, and the 

* Published as Paper No 1112. Journal Series, Minnesota Agricultural Experiment 
Station. Condensed from a thesis presented by Otto Gerhard Jensen to the Graduate 
School of the University of Minnesota in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy, December, 1931. 

1 J. PhyB. Chem., 32 ,641:67s (1928). 

* J. PhyB. Chem., 35 , 309-330 (1931). 

* J. Phys. Chem., 34 ,1509-1539 (1930). 

4 J. Phys. Chem., 35 , 700-721 (1931). 
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thickness of the double layer. They found that, in general, the {“-potential 
decreased with increasing concentration, but that the charge per unit area of 
surface increased. They point out that, at least for univalent ions, the dis¬ 
charging of colloidal particles may be due more to a decrease in the thick¬ 
ness of the double layer than to an actual diminishing of the charge. They 
were unable to detect any antagonistic action between NaCl and KC 1 , NaCl 
and CaCl 2 , or CaCl 2 and MgCU. They point out that the calculated {“ 
involves a knowledge of the dielectric constant, which in the adsorbed film 
is probably different from the bulk value. They accordingly propose 6 7 8 
that, instead of {“, electrokinetic measurements be expressed in terms of qd, 
the electric moment per unit area , which can be calculated using only the 
experimentally determined values by the formula 


qd 


P 


00 


where q is the charge per unit area of the double layer and d is its thickness, 
the other quantities being the same as in equation (1), all expressed in electro¬ 
static units. 

Determinations of the electrokinetic potentials at solid-organic liquid 
interfaces have not been numerous. Quincke 7 was the first one to study the 
electro-endosmose of organic liquids. He found that turpentine was negatively 
charged in respect to asbestos, clay, quartz, shellac, and silk, whereas water 
was positively charged. The work of Strickler and Mathews 8 shows that 
Coehn’s 9 rule does not hold for the organic solvents which they studied, but 
that the dielectric constant ratio does affect the magnitude of flow. They 
made no attempt to correlate their findings with the structure of the com¬ 
pounds. 

Martin and Gortner 3 have obtained striking correlations between the 
electrokinetic potentials at cellulose-organic liquid interfaces, as obtained by 
streaming potential measurements, and the molecular structure of the or¬ 
ganic compounds. For a homologous series of normal aliphatic alcohols, the 
introduction of a — CH 2 group into the chain changes the {“-potential approxi¬ 
mately ±36 millivolts. The substitution of a methyl group for a hydrogen 
atom to form a branched-chain alcohol alters the {“-potential to the extent of 
only ±4 millivolts. Benzene gave no streaming potential. In the case of 
substitution for a hydrogen atom in the benzene molecule, the groups affected 
the {“-potential in the following order: CH 3 < Cl < Br < NH 2 < N 0 2 . 

Fairbrother and Balkin 10 have made a careful study of the electro-endos¬ 
mose of 14 pure organic liquids through a diaphragm of sintered Jena Gerate 
glass powder. They conclude that there is a very close relationship between 
the electro-endosmotic velocity of an organic compound and its dipole moment. 


6 Bull apd Gortner: Physics, 2, 21-32 (1932). 

7 Pogg. Ann., 113 , 5 * 3-598 (1861). 

* J. Am. Chem. Soc., 44 , 1647-1662 (1922). 

1 Wied. Ann., 64 , 217-232 (1898). 

10 J. Chem. 80c., 389-403 (i93i)- 
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Experimental 

The problem .—In the light of the findings of Martin and Gortner, 8 it was 
thought that a further investigation into the relationship between molecular 
configuration and interfacial energy might prove fruitful. The present report 
deals with such a study using (i) an homologous series of 5 normal aliphatic 
acids, (2) an homologous series of the normal aliphatic alcohol-esters of acetic 
acid and (3) a series of the ethyl esters of certain o£ the normal aliphatic 
acids, against aluminum oxide. 

The chemicals used may be expressed as (1) R—COOH, (2) CH 8 —CO— 
O— R and (3) R—CO— 0 —C 2 H 5 where R stands for a series of straight 
chain aliphatic radicals differing from each other by — CH 2 —. If the electro- 
kinetic effect at the interface is produced 6y the unbalanced polarity of the 
molecules oriented at the interface, as suggested by Martin and Gortner, 8 
then it should be interesting to observe the relative effect on such a measure¬ 
ment when a given radical is attached (1) directly to the carbon of a carbonyl 
group or (2) when it is separated from the carbonyl group by the oxygen of an 
ester linkage. 

The method .—Streaming potential apparatus essentially identical with 
that used by Martin and Gortner 8 was used. Since this has been adequately 
described by them, the description will not be repeated. Two modifications 
of the apparatus were found necessary. 

Because of the high voltages which were produced by the streaming liquid, 
it became necessary to insert four 6-volt lead-acid storage batteries (automo¬ 
bile type) and three units of 48-volt lead-acid storage batteries (radio B- 
battcry type), connected in series, to be used as a potential source to be 
balanced through the potentiometer against the E.M.F. generated by the 
streaming liquid, using the quadrant electrometer as a null instrument. It 
was thus possible to accurately measure streaming potential E.M.F. J s as 
great as 150 volts. 

The second modification dealt with the method for measuring the specific 
conductivity of the liquids in the pores of the diaphragm. It was discovered 
that the resistances of most of the liquids in the diaphragm were too large to 
b£ measured with the ordinary Wheatstone bridge using either a 1000-cycle 
current and telephones or a 60-cycle current and an alternating current 
galvanometer of 0.025 microampere sensitivity. Accordingly, the apparatus 
was so designed that the resistance measurements could be made by a direct 
current method, employing the electrometer as the null-point instrument. 
Potentials of approximately 150 volts were applied to the bridge arm contain¬ 
ing the cell to balance the current furnished by the potentiometer and passing 
through a standard megohm resistance. 

The arrangement of apparatus for measuring the resistance of the dia¬ 
phragm containing the organic liquid is given in Fig. 1. Zero deflection of the 
electrometer E is obtained by balancing the current through the diaphragm 
D under the potential of B 1 against the current through the standard megohm 
resistance R under the potential at A. B is a 150-volt storage battery, and 
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the potential at A is led off from a L. and N. type K potentiometer. The ratio 
of the potentials required, B/A, is equal to the resistance of D in megohms, 
the resistance of A and B being neglected. Reversing the polarities, repeating 
the determination, and averaging the results, obviates any error arising from a 
potential produced in the cell caused by a difference in the levels of the liquid. 

For the determination of the cell constant, the liquid is removed and the 
diaphragm washed three times with ethyl alcohol and three times with portions 
of the o.i N KC 1 solution to be used for the determination. The cell is now 
introduced into one arm of a Wheatstone bridge and the determination com¬ 
pleted in the usual manner, using a 6o-cycle current and an alternating current 
galvanometer as a null-point instrument. 


Aluminum oxide* which had been exhaustively 
extracted through a period of several months with 
many liters of distilled water, during the whole of 
which time it was in contact with a large volume 
of water, was used as the diaphragm material 
Prior to use, it had been dried at i io° for 72 hours 
Twenty-four hours before the determination 
was to be made, sufficient aluminum oxide to fill 
the glass ceil was suspended in the liquid to be 
studied. The aluminum oxide was then packed 
into the cell by tamping with a glass rod. 

Two perforated gold electrodes were placed at 
each end of the diaphragm, and between the 



Fia. 1 

Diagrammatic arrangement of 
the bridge for the measure¬ 
ments of high resistivity. 


double electrodes there was inserted a disk of fine 


cloth (batiste) to prevent the aluminum oxide sifting through the perforations. 
No error was introduced by this procedure, for the leads from the two 
electrodes on the same side of the diaphragm were “shorted” by being placed 
into the same mercury cup. Cork gaskets were employed between the 
electrodes and between the electrodes and the glass parts. The cell was then 
filled with the liquid to be studied, placed in the constant temperature bath, 
and connected to the pressure line. 

After a lapse of one-half hour to allow the cell to assume the temperature of 
the bath, streaming potentials were determined. All of the determinations 
were made at 3o°C. 


Calculation of Results. 

(A) Constants Employed. In Table I are given the values for e the 
dielectic constant, rj the coefficient of viscosity, and p the dipole-moment used 
in calculating the values presented in Tables II to XVII. 

The values for e and rj have been taken from the Critical Tables with the 
exception of those values for yj which bear an asterisk. These were determined 
by means of an Ostwald type viscometer. The values for p are those compiled 
by Smyth. 11 

* Our thanks are due Dr. Francis Frary of the Aluminum Company of America for 
providing us with a large sample of aluminum oxide. 

11 “Dielectric constant and molecular structure” (1931). 
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Liquid 

Table I 

c 

n 

m(X io 1 *) 

Acetic acid 

6.2 

0.0104 

14 

Methyl acetate 

6.7 

0.00344 

i -75 

Ethyl acetate 

6.25 

0.00401 

1.80 

n-Propyl acetate 

6.2 

0.00513 * 

1.86 

n-Butyl acetate 

50 

0.00658* 

1.85 

n-Amyl acetate 

4.95 

0.00757* 

1.91 

Ethyl formate 

7.0 

0.00375 

1 *93 

Ethyl n-propionate 

5-7 

0.00473 

1.79 

Ethyl n-butyrate 

5 -i 

0.00604 

-r- 

n-Propionic acid 

3-2 

0.00963 

1 • 74 

n-Butyric acid 

2.8 

0.0134 

0.9 

n-Valeric acid 

2.6 

0.0186 

— 

n-Caproic acid 

3-2 

0.0256 

— 



Fig. 2 

A diagrammatic representation of the oriented adsorption of organic dipoles at a solid 
liquid interface. Postulated as a source of the electric double layer. 


Calculation of Electrokinetic Potential (f). The zeta potential is 
id from the formula, f = ~ . To express f in millivolts, 


X io 6 , where rj = coefficient of viscosity, H = streaming 


calculated from the formula, f = ——-—-. To express f in millivolts, 
H ^^ 

f *= 847,649-- X io 6 , where rj = coefficient of viscosity, H = streaming 

Pe 

potential in volts, k, == specific conductivity of the liquid in the diaphragm 
in reciprocal ohms, P = pressure in centimeters of mercury, e = dielectric 
constant of the liquid. 

(C) Calculation of Electric Moment of the Double Layer (qd). The electric 
moment for a unit area of the double layer is calculated from the formula, 
qd = tjHk b /P . To express qd in electrostatic units, qd = 226,200 tjHk b /P, where 
if, H , k, and P have the same meaning as above. 

(D) Unbalanced Orientation of the Molecules in the Interface . Martin and 
Gortner 3 have suggested that the electrokinetic potential at a solid-organic 
liquid interface arises from an oriented adsorption of organic molecules. If 
organic dipoles are oriented at an interface, we might expect an arrangement 
more or less like that shown diagrammatically in Fig. 2. Assuming a plane of 
sheer at A-B, the bracketed pairs of dipoles, oriented in opposite directions, 
might be expected to neutralize each other, whereas the “unbalanced orienta¬ 
tion” of the remaining molecules should give rise to a net negative charge on 
the “immovable layer” side of the interface with a corresponding positive 
charge in the steaming liquid. 
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On this hypothesis, it should be possible to calculate the percentage of 
“unbalanced orientation” of the organic molecules in the immovable layer 
assuming (1) a monomolecular, close-packed, oriented layer, and (2) that the 
electric moment per unit area of the double layer is the product of the dipole 
moment of the organic molecule and the number of “unbalanced” molecules 
oriented per unit area. 

In our calculations, the values for the cross-sectional area of the molecules 
(A) are those given by Rideal 12 for the limiting areas per molecule in the liquid 
condensed form. For esters A = 22.0 A 2 and for acids A = 24.4 A*. 

The per cent of the total surface occupied by oriented but “unbalanced” 
molecules is given by the expression, qd A//uo 14 , where ju is the dipole moment, 
and qd and A have the meaning denoted above. 

Presentation of Data 

The streaming potentials at various pressures for the fifteen liquids studied 
are presented in Tables II to XVI. In the formula, £ « wHkJ Pe, it is as¬ 
sumed that ///Pis a constant. The validity of this assumption is demonstrated 
by the values in the third column of each table. Included is the specific con¬ 
ductivity of the liquid in the diaphragm (k„) and the calculated values for the 
zeta potential, the electric moment of the double layer, and the percent of the 
“unbalanced” oriented molecules in the interface. The sign of the charge on 
the aluminum oxide phase is given parenthetically. Table XVII summarizes 
these values. They are shown graphically in Fig. 3 and 4. 



The electrokinetic potentials, the electnc moment per unit area, and the precent of 
“unbalanced 11 oriented molecules at an A 1 ? 0 *—organic liquid interface for a series of the 
n-aliphatic esters of acetic acid. 

11 “Surface Chemistry,” 100 (1930). 
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Data similar to that shown in Fir. 3 for an A 1 2 Oj -organic liquid interface for a series of 
the ethyl-esters of certain of the n-ahphatic acids. 

Table II 

Data for Acetic Acid—Aluminum Oxide ( + ) Interface 


Pressure in 

E.M.F. 

E.M.F. (v) 

Pressure in 

E.M.F. 

E.M.F. (v) 

mm Hg 

in volts 

P (cm Hg) 

mm Hg 

in volts 

P (cm Hg) 

65 4 

0 6826 

0 104 

101 0 

1 2511 

0 124 

77 0 

0 8839 

0 115 

111 0 

1 2881 

0 116 

84 3 

0 9720 

0 115 

160 5 

1 9790 

0 123 

9* 5 

1 0812 

0 1J 7 


Average 

= 0116 


k, = 2.39 X 10’ 7 , f = 30.4 m.v., qd = 6.52 X io“ 6 , “Unbalanced” ori¬ 
ented molecules = 11.4%. 

Table III 

Data for Methyl Acetate—Aluminum Oxide ( —) Interface 


Pressure in 

E.M.F. 

E.M.F. (v) 

Pressure in 

E.M.F. 

E.M.F. (v.) 

mm Hg 

in volt 8 

P (cm Hg) 

mm Hg 

in volts 

P (cm Hr) 

255 0 

66 020 

2 59 

68 8 

18 670 

2 71 

227 3 

57 625 

2 54 

52 5 

0 

0 

0 

2 67 

173 7 

45 655 

2 63 

35 1 

9 668 

2 75 

131 7 

35 090 

2 66 

19 8 

5 596 

2 83 

99 5 

26 870 

2 70 


Average 

= 2.68 

, - 1.86 X 

1 

0 

H4 

= 21.7 m.v., 

qd = 3.88 X 

io~ 3 , "unbalanced” 


ented molecules = 4.88%. 
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Table IV 

Data for Ethyl Acetate—Aluminum Oxide ( —) Interface 


Pressure in 

E.M.F. 

E M.F. (v) 

Pressure in 

E.M.F. 

E.M.F. (v ) 

mm Hg 

in volts 

P (cm Hg) 

mm Hg 

in volts 

P (cm Hg) 

13 3 

21 2 35 

IS 97 

49 8 

79 69 

16 00 

18 0 

29 00 

l 6 I 1 

63 8 

0 

<N 

O 

16 10 

27 0 

43 4 2 

]6 08 

73 6 

118 30 

16 07 

38 8 

62 21 

16 03 


Average 

= t6 06 

Kg = 2.84 X 

«-•, r 

= 24.8 m.v., 

qd = 4.14 X 

io -5 , “unbalanced” ori- 


ented molecules = 5.05%. 

Table V 


Data for n-Propyl Acetate—Aluminum Oxide ( —) Interface 


Pressure in 

E M.F. 

E.MF (v.) 

Pressure in 

E M.F. 

E.M.F. (v.) 

mm Hg 

in volts 

P (cm Hg) 

mm Hg 

in volts 

P (cm Hg) 

IS 6 

22 605 

14 49 

50 5 

72 590 

14-37 

21 O 

30 235 

14 40 

60 2 

90 140 

14 97 

25 6 

36 750 

14 3 <> 

66 1 

97 970 

14 82 

32 3 

45 940 

14 22 

71 8 

108 920 

is 17 

40 6 

59 75 ° 

14 71 

76 7 

114 300 
Average 

14 9 ° 

= 14 64 

= 1.87 X 

1 o'", r 

= IQ.2 m.v , 

qd = 3.17 X 

io -6 , “unbalanced” 


ented molecules = 3.75%. 

Table VI 


Data for n-Butyl Acetate—Aluminum Oxide ( —) Interface 


Pressure in 

EMF 

EMF (v) 

Pressure in 

E M.F. 

E.M.F. (v.) 

mm Hg 

in volts 

P (cm Hg) 

mm Hg 

in volts 

P (cm Hg) 

00 

53 14 

28 88 

29 7 

90 00 

3 ° 3 ° 

19 5 

57 64 

29 57 

3 i 5 

93 96 

29 83 

20 8 

60 70 

29 18 

34 3 

102 29 

29 82 

23 3 

70 00 

30 04 

38 4 

114 95 

29 93 

24 7 

72 57 

29 38 


Average 

= 29 66 

= 6.23 

c 

7 

0 

X 

f = 20.6 m.v., 

qd = 2.75 

T 

0 

X 

“unbalanced 1 


oriented molecules = 3.27%. 

Table VII 


Data for n-Amyl Acetate—Aluminum Oxide ( — ) Interface 


Pressure in 

E.M.F. 

E M.F. (v.) 

Pressure in 

E M.F. 

E.M.F.(v.) 

mm Hg 

in volts 

P (cm Hg) 

mm Hg 

in volts 

P (cm Hg) 

25 1 

8 28 

3 30 * 

108 0 

72 50 

6.71 

62.9 

41 65 

6 62 

121 5 

84 7° 

6 97 

50 4 

36 41 

7 22 

141 3 

104 03 

7 36 

83 -7 59 37 7 °9 

* Omitted in calculation of average. 


Average 

= 7 00 

K. = I .°5 

X io“», 

f = 9.33 mv., 

qd = 1.26 

X 10- 5 , 

“unbalanced 


oriented molecules = 1.45%. 
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Table VIII 

Data for Ethyl Formate—Aluminum Oxide (+) Interface 


Pressure in E.M.F. 

E.M.F.(v.) 

Pressure in 

E.M.F. 

E.M.F (v ) 

mm Hg 

in volts 

P (cm Hg) 

mm Hg 

m volts 

P (cm Hg) 

33 -o 

1024 

0310 

120 6 

3582 

0297 

48 4 

1440 

0292 

156 O 

470s 

0302 

65 2 

1880 

0288 

207 O 

.6295 

0304 

74 3 

2150 

0289 

246 5 

7500 

0304 

94 4 

2670 

0283 

303 0 

9221 

0304 





Average 

= 0297 

!! 

00 

x i o-«, r 

= 113 m.v., qd = 

21.2 X io" 

6 , “unbalanced” oriented 

molecules * 

24.1%. 







Table IX 



Data for Ethyl Propionate—Aluminum Oxide ( — ) Interface 

Pressure in E M F. 

E M F (v ) 

Pressure in 

EMF 

E.M F (v ) 

mm Hg 

m volts 

P (cm Hg) 

mm Hg 

m volts 

P (cm Hg) 

36 8 

46 05 

12 51 

64 2 

80 10 

12 47 

41 2 

5 i S 3 

12 51 

72 4 

90 97 

12 56 

48 6 

61 95 

12 75 

78 9 

98 25 

12 45 

SS 0 

68 32 

12 42 


Average 

= 12 52 

K, = 2.17 X 10 9 , f 

= 10.8 m.v., qd = 

2.90 X ior 

5 , “unbalanced” oriented 

molecules = 

3 - 56 %. 






Table X 


Data for Ethyl n-Butyrate—Aluminum Oxide f —) Interface 


Pressure in 

EM.F. 

E M.F.(v.) 

Pressure m EMF 

E M.F (v ) 

mm Hg 

in volts 

r (cm Hg) 

mm Hg 

m volts 

P (cm Hg) 

42 2 

30 66 

7 26 

69 0 

50 80 

7 3 b 

53 5 

4 i 75 

~vj 

00 

O 

77 4 

54-45 

7 03 

60 4 

46 09 

7 63 


Average 

= 7 42 

K, = 4.30 >< 

' I0-», f 

= 32.1 m.v., 

qd = 4.36 X 

IO” 6 , % of 

“unbalanced’ 


oriented molecules can not be calculated because value of n is lacking. 

Table XI 


Data for Propionic Acid—Aluminum Oxide (+) Interface 


Pressure in 

E.M.F. 

E.M.F.(v.) 

Pressure: 

in E M.F. 

E.M.F. (v.) 

mm Hg 

in volts 

P (cm Hg) 

mm Hg 

in volts 

P (cm Hg) 

21 s 

30 13 

14 01 

48 2 

6163 

12 79 

3 i 8 

44 45 

13 98 

55 5 

71 11 

12 81 

36 9 

46 65 

12 64 

72 2 

80 63 

11 17 

42 0 

54 50 

12 98 

86 6 

95 76 

11 06 





Average 

= 12 68 

*• = 5-77 

X 

f = 18.66 m.v., 

qd — 1 

.67 X 10- 

6 , “unbalanced 1 


oriented molecules » 2.34%. 
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Table XII 

Data for n-Butyric Acid—Aluminum Oxide (+) Interface 


Pressure in 

E.M.F. 

E.M.F.(v.) 

Pressure in 

E.M.F. 

E.M.l 

F.(v.) 

mm Hg 

in volts 

P (cm Hg) 

mm 

Hg 

in volts 

P (cm Hg) 

30 0 

34 93 

11 64 

66 

6 

67 82 

10 

18 

39 3 

42 56 

10 83 

75 

8 

77 38 

10 

21 

48 6 

SI 49 

10 59 

86 

3 

86 00 

9 

97 

54.7 

56 01 

10 24 


Average 

= 10 

52 

N 

O 

, 4 - 

II 

* 

X io-», f 

= 173.7 m.v., 

* qd = 

13-0 

0 

! 

O 

X 

, “unbalanced 


oriented molecules = 35.2%. 
* See footnote to Table XVII. 


Table XIII 

Data for n-Valeric Acid—Aluminum Oxide (+) Interface 


Pressure in E.M.F. E.M.F (v ) 


Pressure in E.M.F. E M.F.(v.) 


mm Hg 

in volts 

1 * (cm Hg) 

mm Hg 

in volts 

P (cm Hg) 

30 2 

13 60 

4 50 

73 4 

38 51 

5 25 

33 6 

14 37 

4 28 

84 8 

44 94 

5 21 

36 2 

14 55 

4 02 

98 2 

54 16 

5 52 

56 2 

27 58 

4 85 

J07 7 

61 35 

5 69 





Average 

= 4 92 

k b = 4.06 

X 

(-* 

0 

1 

0 

= 12.1 m.v., qd 

= 0.84 X 

IO 6 , % of 

“unbalam 

oriented molecules can not be calculated because value of n is lacking. 



Tabu. XIV 



Data for n-Oaproic Acid—Aluminum Oxide (+) Interface 

Pressure in E.M F. 

EMF.(v) 

Pressure in 

E.M.F. E.M.F.(v.) 

mm Hg 

in volts 

P (cm Hg) 

mm Hg 

in volts 

P (cm Hg) 

29 9 

47 08 

15 75 

67 7 

101 75 

15 03 

40 0 

61 46 

15 37 

73 7 

106 02 

14 39 

52 7 

82 54 

15 66 

78 7 

ill 41 

14 16 

58 2 

88 59 

15 22 

94 0 

128 13 

13 63 





Average = 

14 90 

II 

to 

bo 

v| 

X f 

= 29.0 m.v., qd 

= 2.48 X 

IO- 6 , % of 

“unbalanc 


oriented molecules can not be calculated because value for \x is lacking. 


Table XV 

Data for Benzene—Aluminum Oxide Interface 
Pressure in E.M.F. 


mm Hg 

35 3 
66 o 


in volts 
o 
o 


There is a small erratic potential, + or —, at times, but for the greater part 
of the time there is no E.M.F. It is concluded that impurities cause the spuri¬ 
ous potentials and that the zeta potential for a benzene-aluminum oxide 
interface is zero. 
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Table XVI 

Data for Carbon Tetrachloride—Aluminum Oxide Interface 

Pressure in E.M.F. 

mm Hg in volts 

40 3 o % 

200 O O 

The electrometer needle drifts slowly in one direction and then in the other, 
hut it is concluded that this is due to stray currents or else to slight impurities 
in the cell. Accordingly the zeta potential for a carbon tetrachloride-alumi¬ 
num oxide interface is zero. 


Table XVII 


Summary of Data in Tables II to XVI 


Table Liquid 

^-potential 

qd 

(Xio*) 

Unbalanced orientation 
of molecules in interface 

II Acetic acid 

+ 39 

4 

6 52 

% 

11 4 

XI n-Propionic acid 

+ 18 

66 

1 67 

2 34 

XII n-Butyric acid 

+ 173 

7 * 

13 0 

35 2 

XIII n-Valeric acid 

+ 12 

1 

0 84 

— 

XIV n-Oaproic acid 

+ 29 

0 

2 48 

— 

III Methyl acetate 

— 21 

7 

OJ 

OO 

00 

4 88 

IV Ethyl acetate 

- 24 

8 

4 14 

5 °5 

V n-Propyl acetate 

- 19 

2 

3 17 

3 75 

VI n-Butyl acetate 

— 20 

6 

2 75 

3 27 

VII n-Amyl acetate 

- 9 

53 

1 26 

1 45 

VIII Ethyl formate 

+ 113 


21.2 

24 1 

IV Ethyl acetate 

~ 24 

8 

4.14 

5 05 

IX Ethyl n-propionate 

— 10 

8 

2 90 

3 56 

X Ethyl n-butyrate 

32 

1 

4 36 

— 

XV Benzene 

0 


0 

0 

XVI Carbon tetrachloride 

0 


0 

0 


* This value maybe +17.37 A value of 173.7 is obtained providing the value for *> is 
4.07 X io“ 9 (Table XII). The corresponding values for propionic acid and valeric acid are 
5.77 X lo** 10 and 4.06 X io~ 10 respectively. If an error was made in recording the resis¬ 
tivity data on butyric acid and the exponents were io~ 10 instead of 10“ 9 the value of f would 
l>e 17.37 instead of 173.7. This appears probable. 

If f were 17.37, the value for qd would correspondingly be 1.30 and the “unbalanced” 
orientation would be *>52%. The series would thus become essentially regular. Since a 
slight change in the absolute specific conductivity makes these large changes in the deter¬ 
mined constants, it is perhaps permissible to call attention to the data of Fairbrother and 
Balkin, 10 who, m their electro-endosmotic study of glass-organic liquid interfaces, state that 
“a value of {«) * < 1 X 10“* indicates that the conductivity of the liquid in question was 
too small to be measured, with the apparatus in use at the time.” Propionic acid is one of 
the liquids which they list as having a specific conductivity of less than 1 X io~ 8 . While it 
is not specifically stated, presumably they used * * 1 X io -8 in calculating their values 
of f. Unfortunately, their data as presented do not permit a recalculation to determine this 
point. If we were to use for our data a value of *. « 1 X io~ 8 , instead of 5.77 X io“ l ° as 
experimentally determined, we should have found that f * 4* 322.9 instead of the value of 
-f- 18.66 m.v. which we report. 
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Discussion of Results 

The streaming potentials obtained in these studies are greater than those 
observed by others, but it is to be emphasized that this is not due to any 
peculiarity in the structure of the compounds investigated. The specific 
conductivity of the liquid in the diaphragm is approximately the same as tha^ 
of the liquid in bulk. No effort has been made to make an exact determination 
of the amount of surface conductance, but the results indicate that it is not 
large, which is to be expected, for the specific surface of the aluminum oxide is 
relatively low. Martin and Gortner 8 report specific conductivities which are 
more than a thousand times as great as the conductivities of the liquids in bulk. 
This can be accounted for only by the fact that the cellulose composing the 
diaphragm plays a major role in the conduction of the current between the 
electrodes. Aluminum oxide is evident ly a “non-conductor.” The f-potential 
values which we report are of the same magnitude as theirs. From a considera¬ 
tion of the f-potential equation, it is evident that H must vary inversely as 
x a , the other terms remaining constant. Accordingly, the explanation for the 
large streaming potentials is merely that the aluminum oxide composing the 
diaphragm does not contribute appreciably to the conductivity of the system. 

It is stressed that f-potential values obtained from determinations on 
diaphragm material which carries a large part of the total current in the cell 
.are not thereby invalidated. However, it is evident from the data of Martin 
and Gortner that the use of cellulose in surface conductance determinations for 
liquids of specific conductivities less than 1 X 10' 6 is inadvisable. Surface 
conductance is not appreciable in the case of liquids of large conductivities. 
Accordingly, it is evident that in surface conductance determinations, cellulose 
can be used only under limited conditions. 

The f-potentials of the entire series of esters investigated, with the ex¬ 
ception of ethyl formate, are negative (the sign applying to the aluminum 
oxide). The anomalous behavior of ethyl formate may be explained by as¬ 
suming that it behaves not only as an ester but also as an “aldehyde.” It is 
well known from the reactions of organic chemistry that the formates behave 
abnormally in respect to the other esters, and our results are in agreement with 
this fact. Not only is the sign of the charge reversed, indicating a reverse 
orientation of the dipoles, but the per cent of “unbalanced” oriented molecules 
is much greater indicating that the “aldehydic” group, with its secondary 
valencies, tends to promote a specific molecular orientation. 

Figs. 3 and 4 show a slight but unmistakable effect of odd and even num¬ 
bers of carbon atoms on the f-potential. A similar effect has been known for a 
long time in the case of some of the physical properties of the fatty acids, 
and it has led to the formulation of a zigzag structure for the carbon chain. 
This has been verified in a few cases by X-ray studies. Mueller 1 * has shown 
that this picture requires a difference in the packing at the ends of the mole¬ 
cules. 


u Proc. Roy. Soc., 124A, 317-321 (1929). 
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In general, the electric moment of the double layer decreases with in¬ 
creasing length of the chain. The effect of alternate carbon atoms is felt in the 
case of this function also. For both series of esters, the “unbalanced” orienta¬ 
tion of the molecules adsorbed at the interface decreases as the carbon chain 
increases in length. It should be stressed, however, that the calculations 
involved in the determination of the degree of orientation at the interface are 
based on the assumption that the distance between the centers of the charges 
at the interface are the same as between the dipoles of the molecule under the 
conditions of the dipole-moment determination. This may be far from the 
case, and accordingly the values must be interpreted with this in mind. 

The data for the acids are not shown in a graph because of the question 
which is raised in the footnote to Table XVII as to the values for the constants 
for butyric acid. In general, however, the acid series shows similar trends to 
the ester series, excepting for the sign of the charge, which is positive for all of 
the acids and negative for all of the esters with the exception of ethyl formate. 
We do not believe that the anomalous behavior of ethyl formate is due to 
formic acid formed by hydrolysis, since special precautions were taken to 
ensure the purity of this ester. 

The absence of a streaming potential at any pressure for either benzene or 
carbon tetrachloride indicates that the molecules of these compounds are 
entirely symmetrical. This confirms the earlier observations of Martin and 
Gortner* who found that no streaming potential was produced at a benzene-* 
cellulose interface, and those of Fairbrother and Balkin 10 who observed no 
electro-endosmosis of benzene and carbon tetrachloride through a glass 
diaphragm. 

Summary 

The streaming potentials of aluminum oxide-liquid interfaces involving 15 
pure organic liquids have been determined. The ^-potential, the electric 
moment of the double layer, and the degree of orientation have been calculated. 
The data support the following conclusions: 

1. The streaming potential increases linearly with the pressure, as is 
demanded by theory. 

2. For a series of normal aliphatic esters, the f-potential and electric 
moment of the double layer decrease as the number of carbon atoms increases. 

3. The “immobile” side of the double layer is negatively charged for all 
esters examined with the exception of ethyl formate (+), and positively 
charged for the series of n-aliphatic acids. 

4. Ethyl formate behaves abnormally both as to sign and magnitude of 
the electrokinetic effect. This is probably due to the reactivity of the “alde¬ 
hyde” group. 

5. An alternating effect of the odd and even number of carbon atoms is 
observed on the f-potential and on the electric moment of the double layer. 

6. The percent of “unbalanced” molecules oriented in the interface de¬ 
creases with increasing length of the carbon chain. 
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7. The complete symmetry of the benzene and carbon tetrachloride mole¬ 
cules is evidenced by the lack of streaming potentials. 

8. There is an almost exact parallelism between the electric moment per 
unit area of the double layer at the interface and the percentage of “un¬ 
balanced” oriented molecules in the interface. This observation leads to the 
conclusion that the electrokinetic forces at a solid-organic liquid interface are 
due to the electrical dissymmetry of oriented organic molecules and extends 
the molecular orientation, theory of Hardy, Harkins, Langmuir, Adam, et al to 
include surface electrical forces as well as surface tension and interfacial 
tension. 

9. These studies confirm the suggestion of Martin and Gortner that 
streaming potential technic may be used to advantage in problems primarily 
concerned with the structure of organic molecules. 

Division of Agricultural Biochemistry, 

University of Minnesota, 

St. Paul, Minnesota 



A CORRELATION OF STREAM POTENTIALS AND SURFACE 
CONDUCTANCE 

BY H. L. WHITE, FRANK URBAN AND E. A. VAN ATTA 

At the 1931 Colloid Symposium we reported 1 that the stream potential of 
pyrex capillaries with 5 X io~ 4 N KC 1 was independent of capillary size 
down to a bore of about 0.01 mm. Below this bore the potential decreased, 
being found about 75% as great with a 0.005 mm capillary as with large 
capillaries, t.e., of 0.1 mm. McBain and Peaker 2 had found a specific surface 
conductance of 1.3 X 1 o~ 7 mhos at an interface of pyrex and 1 X io~* N KC 1 ; 
by interpolation from their data we calculate that this would be not less than 
1 X io -7 mhos for 5X10 ~ 4 N KC 1 . If the mean conductance (resultant of 
volume and surface conductances) calculated on the basis of McBain and 
Peaker’s data is put into the stream potential equation E = fPD/4mjK the 
calculated stream potential for a 0.005 mm capillary with 5 X icn 4 N KC 1 
would be only 8.4% of that with a large capillary in which surface conductance 
can be neglected. This discrepancy might have any one or all of three ex¬ 
planations, 1, that McBain and Peaker’s surface conductance figures are too 
high, 2, that the classical stream potential equation does not hold in the 
smaller capillaries and/or, 3, that our previously reported stream potential 
figures for small capillaries are too high. We are now convinced that all three 
explanations hold. 

First, we have shown* 4 that the specific surface conductance with pyrex 
ands X jo -4 N KC 1 is only 2.24 X 10““ mhos, about 1/45 as great as found by 
McBain and Peaker If the classical stream potential equation holds this 
conductance would make the stream potentials with 0.005 mm capillaries 
about 75 to 80% as great as with large capillaries, as we 1 had found to be the 
case. This agreement seems to be a gratifying confirmation of our stream 
potential results on the smaller capillaries. We now recognize, however, that 
our figures of last year on stream potentials in the smaller capillaries are 
erroneous and that the apparent agreement is merely a coincidence. The 
error was due to our using a paper-paraffin condenser in the stream potential 
measurements. For the surface conductance work 4 a standard condenser was 
essential. Stream potential determinations have been repeated on capillaries 
of various sizes using the standard 1 mf. mica condenser obtained since last 
year’s report. It is found that the values for the larger capillaries, down to 
about 0.03 mm diameter, are correct as previously reported; below this bore 
the potentials fall off. 

With the smaller capillaries the potentials are not only very much lower 
than with the larger, but much less satisfactorily reproducible. It had been 

1 White, Urban and Krick: J. Phys. Chem., 36 , 120 (1932). 

* McBain and Peaker: J. Phya. Chem., 34 ,1033 (1930). 

* White, Van Atta and Van Atta: J. Phys. Chem., 36 ,1364 (1932). 

4 White, Urban and Van Atta: J. Phys. Chem., 36,1371 (1932). 
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noted and reported last year that with the smaller capillaries reproducibility of 
results was much less satisfactory. This is now known to be due to residual 
charges on the paraffin condenser; the lack of reproducibility with the smaller 
capillaries as reported in the present paper is not due to any fault in the method 
of measurement but to actual changes in the capillaries. It has been found 
that the paraffin condenser gives the same readings as the mica with resis¬ 
tances up to about io 9 ohms. With higher resistances the potential readings 
with the paraffin condenser are too high and variable due to variations in the 
amount of residual charge. With the mica condenser also the readings with 
the smaller capillaries vary from one experiment to another but consecutive 
readings agree. Even with the paraffin condenser consecutive readings may 
show excellent agreement, giving a false sense of security. Only after be¬ 
ginning to use the mica condenser and finding that a small capillary which 
might show a potential of 600 to 800 mv. with the paraffin condenser would at 
the same time show from o to 200 mv. with the mica did we realize that our 
earlier figures on small capillaries, with the paraffin condenser, are too high, 
although those on the large capillaries are correct. I11 "fable I are shown a few 
stream potentials with the mica condenser. 


Taull 1 


Cap 

Length 

Diameter 

no. 

cm. 

mm. 

58 d 

1 1 

0 0904 

59 

4 66 

0 0405 

57 a 

1 97 

0 039 

63a 

0 25 

0 0058 

60a 

0 94 

0 0055 

61 

0 76 

0 0053 

70a 

0 13 

0 0050 

69a 

0 34 

0 0047 


Stream potential 
__ mv./em. Hg ____ 
2 5 X 10 4 iV KC 1 5 X io' 4 N KC 1 

31 4 15-4 

3 2 o 15 6 

3^ o 

1 ft 
5 8 
o o 

00 22 

9 2 20 


The stream potentials on the smaller capillaries are much lower than can be 
accounted for on the basis of the classical stream potential equation by the 
specific surface conductance of 2.24 X io - '* mhos which we have found; they 
are rather of the magnitude expected if McBain and Peaker\s values are 
correct. We thus have the paradoxical situation that with our surface con¬ 
ductance value the classical stream potential equation gives the stream po¬ 
tentials for small capillaries which we recorded last year but which are er¬ 
roneously high, while the equation with McBain and Peaker's value for surface 
conductance gives stream potentials of about the value reported in this paper, 
which we believe to be correct. Since we can find no fault with our value for 
specific surface conductance we conclude that the classical equation does not 
hold in the smaller capillaries. 

It must be pointed out that the validity of the low stream potential values 
for small capillaries reported here depends upon the assumption that these 
capillaries have been satisfactorily treated. We have exerted every possible 
effort as to cleanliness of water, alternating periods of evaporation and con- 
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densation during steaming, protection of capillary from dust, etc., to ensure 
that the state of the walls of these small capillaries is the same for a stream 
potential experiment as it is with the larger capillaries. Furthermore, we have 
found that a brief period of heatong a large capillary in a Bunsen flame, after it 
has had hot water sucked through it for an hour, will usually give a stream 
potential about the same as that after steaming. Whenra small capillary is so 
heated it still shows the low stream potential value, just as after steaming. 
We must state, however, that we cannot have the saihe degree of conviction 
regarding the adequacy of the steaming treatment with the small capillaries as 
with the large. When, however, a number of treatments and determinations 
are carried out on a given capillary and in no case does the stream potential 
exceed 30% of that shown by a large capillary it seems probable that the low 
values are not purely fictitious. 

Reichardt 6 has attempted to develop an equation to express the influence 
of capillary diameter on the stream potential. His corrections do not bring 
the values down to those observed by us on the smaller capillaries. His 
equation E' = E(i + J 0 /J«,) is equivalent merely to substituting for the 
bulk conductance the true conductance, t.e. f resultant of surface and bulk 
conductances, of the solution in the capillary. His correction for the departure 
from laminar flow suffered in the initial segment of a capillary reduces the 
stream potential in even a 0.005 mm capillary by only a few per cent. Thus, 
for a capillary of 0.005 mm diameter and 4 mm length his equation (17a), 
Using a Reynolds number of 1000, gives xi = 0.92, ?.e., the stream potential 
would be lowered by only 8% due to this factor. We are not yet in a position 
to present a theoretical treatment of our stream potential values on the smaller 
capillaries. 

Briggs* has pointed out that surface conductance may vary independently 
of zeta potential and has concluded that surface conductance is therefore not 
ionic conductance. He suggests that the effects of salts upon surface con¬ 
ductance are a function of their effects upon the equilibrium between monohy- 
drol and polyhydrols. The former is supposed to be an electronic conductor; 
varying the nature or the concentration of ions affects surface conductance by 
affecting the concentration of monohydrol in the double layer. Briggs finds 
that the surface conductance with the tri and tetravalent cations, A 1 +++ and 
Th ++ ’ H , after passing through a maximum falls off with increasing concentra¬ 
tion. This is attributed to their decreasing the concentration of monohydrol. 
Urban and Daniels 7 have found, however, that bivalent cations decrease the 
partial specific heat of water more than do monovalent cations. The pre¬ 
sumption is that the effect would be still more marked with tri and tetravalent 
cations. A decrease in specific heat indicates, inter alia , a decrease in polyhy- 
drol concentration. This finding speaks against Briggs’ view that poly¬ 
valent ions reduce the monohydrol concentration. 

With KC 1 Briggs found that surface conductance increased continuously 
with concentration while zeta passed through a maximum and then fell off 

* Z. phyaik. Chem., 154 , 337 (1931). 

* Colloid Symposium Monograph, 6, 41 (1928). 

T Urban: J. Phys. Chem., 36 , 1108 (1932) 
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continuously. This lack of correlation, as well as the findings with polyvalent 
ions, led him to the statement that surface conductance is not a function of the 
zeta potential. The thesis developed in the present and the accompanying 
paper is that surface conductance is a function of zeta in the following sense, 
that a correlation between surface conductance and zeta exists only provided 
that the essential conditions for exhibiting a normal zeta potential are estab¬ 
lished. In the case of glass capillaries, with the stream potential taken as an 
index of zeta, this means that the capillary must be of at least 0.016 to 0.02 
mm. diameter and must have been subjected to a standardized treatment such 
that a maximum stream potential is developed. 8 If a capillary of proper size 
is so treated it will show with 5 X io~ 4 N KC 1 a stream potential correspond¬ 
ing to a zeta potential of about 120 mv. and a specific surface conductance of 
about 2.24 X io~ 9 mhos. If the capillary is allowed to stand in the solution 
for several days or if it is used without having been first treated it will show 
a much lower zeta potential, which may drop even to zero, with practically no 
change in surface conductance. This looks like a failure of correlation be¬ 
tween surface conductance and zeta potential. If, however, a normal zeta 
potential is established, the chargp density calculated from this and the surface 
conductance calculated from the charge density, assuming normal viscosity, 
mobility and dielectric constant, the surface conductance so calculated agrees 
with the observed. We have interpreted these facts as meaning that with the 
untreated capillary the diffuse layer is absent or reduced while with the treated 
capillary the initially existing diffuse layer gradually collapses into the Helm¬ 
holtz layer. The sum of the charges in the entire double layer remains con¬ 
stant; the ions in the Helmholtz layer can conduct electrical current but cannot 
contribute to stream potential, ?.<?., they can move in an electric field but not 
under hydrostatic pressure. The surface conductance is, therefore, unaffected 
by the distribution ratio of ions between diffuse and Helmholtz layers, but the 
zeta potential depends upon this distribution. If we establish the proper 
conditions practically all of the cations at a glass-aqueous interface are in the 
diffuse layer with concentrations of KC 1 not greater than io~ 8 N. When a 
normal, t.e., maximum for that .system, zeta potential exists the cation con¬ 
ductance in the diffuse layer (with concentrations of KC 1 not greater than 
icr 3 N) is therefore practically equivalent to the total cation conductance and 
can be calculated from the zeta potential. 

With increasing concentration, where it is no longer true that practically 
all of the cations are in the diffuse layer, one can still calculate surface con¬ 
ductance from normal, i.e., maximum for that system, zeta potentials if the 
distribution of cations between diffuse and Helmholtz layers is first calculated 

8 The determination of both surface conductance and stream potential on one and same 
capillary is difficult but not impossible. The percentage of error is rather large since, if a 
capillary of diameter greater than 0.02 mm is used the ratio of surface to volume is too low 
for the most accurate determinations of surface conductance while if the diameter is less 
than 0.016 mm the stream potential is likely to be too low. Numerous determinations on a 
capillary of 0.0186 mm diameter have shown marked fluctuations in stream potential de¬ 
pending upon its treatment, while the surface conductance remained constant. Further¬ 
more, the type of treatment known to be essential to the establishment of a normal stream 
stream potential in large capillaries is known not to be essential to the maintenance of a 
constant surface conductance in small capillaries. 
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according to the method outlined in the accompanying paper, and allowance 
made for the conductance of ions which are no longer in the diffuse layer. 

While affording a satisfactory explanation of both Briggs' and our results 
with monovalent cations this concept at first thought seems inadequate to 
account for Briggs' finding that with polyvalent cation^ the surface conduc¬ 
tance progressively decreases as concentration and zeta potential increase. 
We are not yet ready to discuss this situation fully. Insufficient knowledge 
of the work functions of adsorption of these ions makes it impossible to cal¬ 
culate satisfactorily the distribution between the diffuse and the Helmholtz 
layers. Until such calculations are possible we cannot judge of the applica¬ 
bility of our equations to the case of polyvalent cations. We may point out 
that McBain and Peaker, working with pyrex surfaces, did not find a decrease 
in surface conductance on increasing the concentration of A 1 C 1 3 , as did Briggs 
with a cellulose diaphragm. They found that the increase in conductance on 
increase of concentration was even greater with A 1 C 1 8 than with KC 1 . Further¬ 
more, Bull and Gortner 9 working with cellulose diaphragms found with ThCU 
a fall in surface conductance followed by a rise, within the same range of con¬ 
centrations used by Briggs. We are now investigating the surface conduc¬ 
tances at pyrex surfaces of various concentrations of salts with ions of different 
valences but are not yet prepared to report our findings. 

Summary 

1. The stream potentials with capillaries of 0.005 mm diameter are from 
o to 25% as great as with large capillaries, instead of 75 to 85% as great, as 
was reported last year. 

2. These low figures cannot be accounted for by the classical stream po¬ 
tential equation or by any modification so far proposed. The possibility that 
unavoidable inadequacies of treatment of the smaller capillaries may be in part 
responsible for these abnormally low values cannot be excluded but it is be¬ 
lieved that the low values are not entirely fictitious. 

3. A necessary and sufficient condition to a correlation between surface 
conductance and stream potentials is that the conditions essential to the 
exhibition of a normal stream potential be established. The zeta potential 
may fluctuate with no change in surface conductance but if a normal zeta is 
established surface conductance can be calculated from it and vice versa. 

4. Briggs' findings on monovalent cations which led him to the conclusion 
that surface conductance is not a function of the zeta potential can be inter¬ 
preted as indicating that in his experiments the diffuse layer is less pronounced 
and varies more with concentration than is the case at glass surfaces; under 
these conditions the zeta potential is not an index of the charge density until 
the distribution of charges between the components of the double layer is 
determined. The case of polyvalent cations is being further investigated. 

The work reported in this paper has been aided by a grant made by the 
Rockefeller Foundation to Washington University for research in science. 

Department of Physiology and the Department of Biochemistry , 

Washington University School of Medict ne 

St Louts, Missouri. 

* J. Phys. Chem., 35 , 307 (1931). 
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BY FRANK URBAN AND H. L. WHITE 

In recent communications, surface conductance and stream potential 
measurements in Pyrex capillaries of various sizes were reported. 1 Capillaries 
of from 0.00182 to 0.10 mm bore were used, macroscopic surface to volume 
ratios as high as 22,000 to 1 being obtained as compared with 1600 to 1 by 
McBain, Peaker and King. 2 A specific surface conductance for Pyrex glass 
and 0.0005 N KC 1 of 2.24 X io~ 9 mhos was found, as compared with an extra¬ 
polated value of 1 X io~ 7 by McBain and Peaker, their figure being 45 times 
as great as ours. If, as we believe, McBain and Peaker’s figures for surface 
conductance are erroneously high, McBain’s arguments against the f-potential 
concept lose their weight.* 

A further confirmation of the e—f-potential concept of Freundlich would 
result, if it could be shown that there is a quantitative correlation between 
surface conductance and f- and epotentials, respectively. In the present 
paper, it will be shown that surface conductance and f-potential are related. 
The second relation, namely between e-potential and surface conductance, 
will be dealt with in a subsequent publication. 

In order that f-potential values calculated from surface conductance might 
be compared with those obtained by a second independent method, we selected 
the stream potential technique, f-potentials calculated from stream potentials 
are in agreement with the Helmholtz theory, providing the capillary radius is 
approximately ^ 10 /x and that Poiseuille’s law is obeyed. This view is based 
on our experimental findings. 4 As the Helmholtz equation breaks down below 
a capillary radius of about 10/x, it follows that in this region it is not permis¬ 
sible to calculate absolute values of f-potential or electric moment by means of 
this equation. 

Double Layer Equation of Otto Stem 6 

The theoretical bridge between surface conductance and f-potential is to be 
found in Stern’s equation which describes the structure of an electrical double 
layer due to ionic adsorption at phase boundaries. It represents a synthesis of 
the Helmholtz and Gouy double layer concepts. 6 According to this equation: 

1 White, Urban and Krick: J. Phys. Chem., 36 , 120 (1932); White, Van Atta and Van 
Atta: 36 , 1364 (1932); 36 , 1371 (1932). 

2 J. Am. Chem. Soc., 51 , 3294 (1929). 

4 J. Phys. Chem., 34 , 1033 (1930). 

4 Loc. cit. 

4 Z. Elektrochemie, 30 , 508 (1924). 

* For a discussion of the equation, see Buzagh: Kolloid-Z , 52 , 57 (1930); Freundlich: 
“Kapillarchemiei” 1, (1930); Mueller: Kolloidchera. Beihefte, 26 , 257 (1928); Langelaan: 
Arch. n6erland. Physiol., 16 , 145 (1931) (in English). 
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Where N Avogadro number; e charge of electron; K 0 capacity of Helm¬ 
holtz condenser ;^ 0 potential drop across Stern double layer; fa potential drop 
across diffuse (Gouy) double layer, approximately equal to f-potential; 770 
excess negative charges on solid surface; F 96,500 coulombs; Z maximum number 
of mols of ions which can be accommodated in a unimolecular layer of 1 cm* 2 , 
(max. no. of ions = z) ;<f>- molar energy of adsorption of anions; molar energy 
of adsorption of cations; c concentration of salt in mols per cm 8 ; rji excess posi¬ 
tive charges in Helmholtz layer; rj 2 excess positive charges in diffuse layer, 
D dielectric constant; l a mobility of anion; l k mobility of cation; rj 0 number of 
anions in inner Helmholtz layer, if the cations can be neglected. 


Distribution of ions in Helmholtz and Gouy Layers. 
For 5 X 10” 4 5 6 7 M KCl/liter and Pyrex Glass 


From Equation (1), it follows that 


00 

( 3 ) 


Number of cations in outer Helmholtz layer 


Number of anions in outer Helmholtz layer 



(4) Number of cations in Gouy layer = 

(5) Number of anions in Gouy layer = 


|/ 52 l£. e * 

\ 2T& 

1 rmk. 

f 2 re 2 


The ratio of anions to cations in the inner Helmholtz layer is perhaps of the 
order of e*+/e*-. 

In order to simplify the calculations, the cations in the inner Helmholtz 
layer, also the ions of (2), (3), and (5) can be neglected. Equation (1) reduces 
in that case to 

(6) 170 = and, therefore 

(7) Surface conductance/cm 2 — • e'H^ (l m + l k ). 
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Equation (7) implies that anions as well as cations are mobile. This as¬ 
sumption is in conflict with the well-known electrosmose equation, where it is 
assumed that the ions of the inner Helmholtz layer are fixed. 

It will now be shown that the simplification leading to (7) is permissible. 
(4) and (5) will be evaluated first. The only unknown in these equations is 
f (== \pi) which can be calculated from stream potentials. The average stream 
potential observed by Lachs and Biczyk 7 (by interpolation) with 5 X io“ J 
M KC 1 was 16.4 mv/cm Hg; that observed by White, Urban and Krick for 
large capillaries, was 17 mv/cm Hg. Taking the average of these two sets of 
data we get 16.7 mv/cm Hg. Average temperature is taken as 22°C. Since 
for large capillaries, no size corrections are necessary, the calculation for f is 
made by the Helmholtz equation. 8 


1.67 X to 2 X 3-1416 X 10 2 X 7 X 10 r> X 0 X 10" 

(o) $ =-= 0.124 v. 

13.6 X q8i X 80 

Since we are here operating only in the diffuse layer, the normal value of 80 
for D is used. y The number of cations in the Gouy layer, according to (4), 

equals-- - 

/80 X i.QQ X 4.183 X 10 7 X 295 X 5 x 10 7 


(9) 


V 


2 X 3.1416 X 2.27 X io~ 


-X 


_9 65 X 10 4 X 3 X IQ* X 1 24 x IQ" 1 

e 3 X IO^X 2X 1 99X4 I 8 ,*X I0 7 X 2 95 = 0.96 X JO 18 . 

while the number of anions, according to (5) is 0.73 X io 11 . Hence (5) can be 
neglected. 

The evaluation of (2) and (3) requires a knowledge of z and <l>+, $>-. We 
shall use 1.27 X io 16 for z, obtained from KC 1 crystal lattice measurements. 
As pointed out by Stern, 3 >+ and 4 >- can be calculated from c m = 2.3 X io“ 4 M 
KC 1 per liter, the concentration at which t = 0.140 v is a maximum (data of 
Lachs). The result of the calculation is 

(10) <f> + = 1.34 X io 11 

(11) <£_ = — 1.37 X io 11 

Substituting these values in (2), the number of cations in the outer Helmholtz 
layer is found to be 

v e 1.27 X io 16 

(12) 5.8 X IO = 3 X 1 o J X 1 34 X io 11 — 9 65 X io'X IX io»X i 34 X IO" 1 

I -f- - C 3 X 10* X 1 99 X 4 183 X 10'X 3 95 X io^ 

9 X io"* 

The number of anions per cm 2 , according to (3), is 

_'_ 1.27 X io 15 _ 

V I 3 / 3 * 1 X 10 — ~3Xio ; X 1 37 X 10»-H)65X io 4 X3Xio > X i MX ro- 1 

I + - L—.0 3X IO* x I 99 X 4 183 X I 0 »X 3 95 X io^ 

9 X I0“® 

(12) and (13) are negligible. 

7 Z. physik. Chem., 148 A, 441 (1930). 

8 The Helmholtz stream potential equation does not conflict with Stem’s double layer 
structure, if f is defined as the potential of the diffuse layer. 

9 Deubner: Ann. Physik, 84, 420 (1927), cited in Handbuch der Physik, XIII, 372 
(1928); Kallmann and Doch: Z. physik. Chem., 126 A, 305 (1927). 
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Finally, the ratio of anions to cations in the inner Helmholtz layer being of 
the order e*+/e *- 9 we obtain by substitution 



cations i 


These preliminary calculations indicate that the simplifications leading up to 
Equation (7) are permissible. Before putting (7) to the test, two important 
points will have to be discussed. 

(0). The objection may be raised that the true surface of the capillaries 
is not known, and that it is the micro-surface which determines conductivity. 
A macro-surface of 1 cm 2 might perhaps, let us say, represent a micro-surface 
of several cm. 2 It can be readily seen, however, that a haphazard micro¬ 
structure such as may be presumed to exist in the case of glass would leave the 
surface conductance unchanged. 

(6). The preliminary calculations indicated that for 5 X io“ 4 M KC 1 per 
liter rfi (( rj*. This is the exact opposite of the assumption made by Stem, 
namely, (( Vi, on which he based his method of calculating <f> + and<£_. Our 
values of <i>+ and 4 >_, which have been calculated according to Stem, can there¬ 
fore be but a rough approximation. Nevertheless, allowance for a large error 
in the calculated and <£_ values does not materially change the relation 
Vi « Vt- 


Calculation of Surface conductance for 5 X 10"* M KC1 per liter, by (7). 

(15) Surface conductance/cm 2 = 


1/ 80 X 1-90 X 4-183 X IQ 7 X 295 X 5 x 10- 7 , - gfr.x . X 295 

\ 27 r X 4.774 s X io -20 X 6.06 2 X io 46 5 

(16) Surface conductance/cm 2 = 2.4 X io -9 mho. 


The experimentally observed surface conductance is 2.24 X io~ 9 mho. 

The normal value of 75 for the mobility of Cl - and K + was substituted in 
(i 5 ). . 


Calculation of ? from surface conductance. 2.5 X 10" 4 M KC1 per liter. 


We find experimentally that 

(17) Surface conductance/cm 2 = 1.35,X io~ 9 = 


1/ 


80 X I.Q 9 X 4-183 X Io 7 X 298 X 2 .5 x IQ~ 7 
27 T X 2.27 X IO~ 17 X 3.67 X IO 47 


9 65 X IO 4 X 3 X 10* X f 
02 X 1 99X4 183 X io" X 295 


150 


(18) 


0-96 X 3 X io 2 
2.5 X io 3 


0.11 v. 


The value determined from stream potential is f = o. 12 v. This agreement 
is satisfactory. 

Similar calculations with io~ 5 M KC 1 per liter, io^ 4 M and io~* M have 
been undertaken. The agreement was as good as could be expected. The 
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data have not been included in this paper, as a greater number of surface con¬ 
ductance determinations in solutions of the last mentioned concentrations 
have yet to be carried out. 

Discussion 

The good agreement between our calculated and observed quantities ap¬ 
pears to justify the underlying assumptions: 

(a) . In an electric field, all ions of the double layer are mobile. 

(b) . The mobility of the double layer ions is close to normal. 

(c) . The double layer at a Pyrex/KCl-solution interface is composed of 
K+ and Cl". 

(d) . The number of cations in the inner Helmholtz layer is negligible, at 
the KC 1 concentrations investigated. 

The assumption of Helmholtz and von Smoluchowski that the ions on the 
wall (ions of the inner Helmholtz layer) are immobile, would give a calculated 
value of surface conductance one-half of that observed. In order to overcome 
this difficulty, the abnormally high mobility of 150 for K+ would have to be 
postulated (as compared to a normal value of 75). It is undoubtedly less 
forced to attribute normal mobilities to K + and Cl~ and to allow both to move. 
At the present time, it is an open question as to how much energy is re¬ 
quired for lateral motion of an ion along a surface. 10 

By assigning normal mobilities to both K+ and Cl~, the observed surface 
conductances harmonize with the calculated ones. This could be the case 
only if the double layer contained but insignificant numbers of ions 6ther*than 
K+and Cl¬ 
in order to test these assumptions still further, we are determining surface 
conductance with other salts. Assumption (c) can be tested directly, by ob¬ 
taining adsorption isotherms on Pyrex glass wool. These should also make it 
possible to evaluate (d). 

Finally, we conclude, on the basis of the evidence presented in this paper, 
that Stern's concept of a variable charge governed by adsorption, is sound. 

Summary 

1. It has been shown that in dilute solutions f-potential and surface con¬ 
ductance are related. 

2. Evidence has been adduced to show that the ions of the inner Helm¬ 
holtz layer are mobile, and also 

3. That the assumption rji)) rj 2 in dilute solutions made by Stern for the 
purpose of calculating $+ and is not justified. 11 

The work reported in this paper has been aided by a grant made by the 
Rockefeller Foundation to Washington University for research in science. 

Dept. of Biochemistry and Dept, of Physiology, 

Washington University School of Medicine , 

St. Louis, Missouri. 

10 Private communication from Dr. Henry Eyring, Princeton. 

11 Hans Mttller has raised the same objection independently. Kolloidchem. Beihefte, 
26 , 282 (1928). 
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BY WILDER D. BANCROFT AND JOHN E. RUTZLER, JR.""" 

* 

In previous papers comprising this series, it was shown that peptizing 
agents, sodium rhodanate in particular, reverse the agglomeration brought 
about by anesthetics and allied drugs. Human beings, dogs, rabbits, and 
plants, have been made to recover experimentally from anesthetics or hyp¬ 
notics more quickly by the administration of a peptizing agent, given in 
order to counteract the agglomeration which is a part of the induced condi¬ 
tion. To date, despite a great many ill-founded criticisms and a few badly 
planned experiments, the theory of reversible agglomeration stands forth as 
the only rational conception of the action of many drugs. Experimental sup¬ 
port of the theory continues to come in from those who understand how to 
make use of a good theory. In order to secure further support of the theory 
that anesthesia is accompanied by reversible agglomeration of certain protein 
colloids of the central nervous system, experiments were carried out on 
goldfish, Carassius auratus. The limited facilities of a chemical laboratory 
for physiological research still enable one to perform a good many experi¬ 
ments with goldfish. However, no attempt was made to reach the magic 
number of experiments—one hundred. 

At first sight, it may seem that the goldfish is structurally a simple animal 
upon which to experiment. Because this was not found to be the case, it 
seems wise to consider briefly some of tHb major facts of the neuro-anatomy of 
fishes. 

Kyle 1 says: 4 ‘The spinal nerves connected with the different segments are 
arranged in the same way as in Higher Vertebrates and there is also an internal 
sympathetic system. The cranial nerves are for the most part the same, with 
some variations in their development and importance. The VUIth nerve, for 
example, is specially large and is connected with an independent centre in the 
medulla, the tuber acusticum. This is supplied from the general cutaneous 
nerves, lateral line system, as well as from the auditory organ or statocyst.” 

On page 159: “The simplest form of sense organ is seen in the end-buds 
which occur anywhere on the skin of fishes. On Higher Vertebrates these 
become restricted to the mouth as taste-buds. Sometimes they are raised on 
eminences, but most often they sink deeper into the skin and the nerve- 
endings become embedded in mucus or glandular tissue. Whether they are 
all connected with reception only, we do not know. . . .” In another place, 

* This work is done under the programme now being carried out at Cornell University 
and supported in part by a grant from the Heckscher Foundation for the Advancement of 
Research established by August Heckscher at Cornell University. 

M Eli Lilly Research Fellow. 

1 “The Biology of Fishes,” 167 (1926). 
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Kyle says that the diffuse end-buds seem to be able to detect differences in the 
chemical nature of the surroundings. 

On page 160 he says: “On the other hand the organs of the lateral line have 
quite a different function. . . . According to Parker these organs are not 
stimulated by light, heat, salinity of water, food, oxygen, carbonic acid, water 
pressure, currents, or sound. ...” 

“The lateral line organs seem also to be of some use both in orientation, ac¬ 
cording to the different strengths of currents on the two sides of the body, and 
in balancing. He found that when the pectoral and ventral fins were removed, 
the fish (Opsanus) showed no lack of equilibrium so long as the lateral line was 
left intact.” 

On page 141 Kyle says: “So long as a fish is alive, its internal constitution 
and particularly the composition of its blood are quite different from those of 
the surrounding medium. It is self-contained and only takes in the materials 
it wants to take in. .. . 

“Freshwater fishes like the Carp have a much greater [osmotic] pressure 
within the blood than that externally; by increasing the amount of salt in the 
water to 10 grm. pro mille Portier and Duval were able to obtain equilibrium 
within and without; but with still further increase in the salinity the gill 
membrane seemed to be forced and the fish died. As the pressure of the blood 
also increased, though slightly, in these experiments, it would seem that a 
small amount of the external salts in solution is able to pass through the 
membrane. But this is by no means certain; and other observers think that 
only water is able to pass through. It is possible that the fish is able to with¬ 
draw water and salts from the tissues and thus regulate its exchanges. The 
Salmon, for example, does not change its osmotic pressure all at once on enter¬ 
ing fresh water; and the Eel, when transferred from fresh to salt water, does 
not assume the osmotic pressure of the latter.” 

On page 18 we find: “But the latter organs [the kidneys] are not so well- 
developed in the fishes as in higher vertebrates, and thus the guanin and lime 
become deposited in the dermis . . . and in common with guanin lime is often 
present in the internal tissues of the fish, as in the retina of the eye, peritoneum, 
air-bladder, etc. ...” 

From these few quotations it can be seen readily that exposing fish to 
electrolytes and anesthetics may give rise to several phenomena, other than 
straightforward anesthesia and recovery. It was found almost at the outset 
that the problem was not simple. 

In order to make sure that in the case of the fish we are dealing with protein 
colloids of the nervous system which respond to the electrolytes of the lyo¬ 
tropic series like those of the other animals with which we have dealt, swell¬ 
ing experiments were performed. 1 Whole, freshly excised, goldfish brains were 
weighed and then placed in ten percent solutions of sodium iodide, sodium 
chloride, and sodium citrate. After being in the solutions for periods of one, 
two, and twenty hours each of the brains was again weighed. From these data 
the percentage change in weight was computed. A positive change in weight 

1 The authors are grateful to Dr. Robert L. Nugent for performing these experiments. 
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was found in the case of sodium iodide and sodium chloride, the sodium iodide 
causing a much greater increase in weight than the sodium chloride. In the 
sodium citrate solution the goldfish brain lost weight. This was found to be 
the case whether the hydrogen ion concentration of the sodium citrate solution 
was barely on the acid or on the alkaline side of the neutral point. So, sodium 
iodide and sodium chloride peptize goldfish brains, as they should; and sodium 
citrate produces agglomeration. The observed relations 9f the size of the 
different specimens bore out the swelling data, i.e., those that swelled most 
were largest in size. 

Dr. Nugent also experimented with the electrophoresis of thoroughly 
macerated goldfish brains which had been washed and suspended in a buffer 
solution having an hydrogen ion concentration of i X io -6 6 . All of the 
particles that were observed travelled quite rapidly toward the anode, showing 
that they were strongly negatively charged. This indicates that their iso- 
-electric points were well below [H + ] = i X io -6 - 5 . 

In performing experiments on live fish care was always taken to have the 
water containing the different compounds being studied at the temperature of 
the room. Thus, none of the observed effects was due to temperature differ¬ 
ences. Apparently healthy fish were always used. When more than one 
experiment was done on a single fish, at least a week’s time was allowed to 
elapse between the experiments. Generally, fish of approximately equal size 
were used. At least one check experiment was almost always performed; and 
sometimes many check experiments were made. The fish were not experi¬ 
mented upon shortly after being fed. 

The first experiments were performed using amytal as the anesthetic. The 
anesthetic was prepared by warming an excess of sodium bicarbonate with 
three grams of amytal and fifty cc of distilled water. This was then diluted to 
two liters with tap water, and the solution filtered. The filtered solution was 
used as the anesthetic bath. Six goldfish were placed in this bath. One was 
anesthetized in fourteen minutes; and five lost consciousness in fifteen minutes. 
In each anesthesia experiment reported in this paper, unless otherwise stated, 
the fish was considered to be anesthetized when all voluntary movement 
ceased, and when there was no visible response to touch, a glass rod being used 
for testing the latter. As with mammals, it was observed that the fish passed 
through a stage of stimulation prior to the loss of consciousness. When, later, 
the effect of other anesthetics is described it will be seen that the period of 
excitation brought about by amytal is short, of the order of five minutes. 
Further, the period of stimulation can be varied greatly by changing the 
concentration of the anesthetic. Two of the anesthetized fish were placed in a 
2% solution of sodium citrate which was made just acid to litmus paper with 
citric acid; two were put in tap water to be used as controls; and two were put 
into a 2% solution of sodium rhodanate. 

The fish that were put into the sodium citrate laid on their sides, their 
tails extended below the line of their bodies. This is in marked contrast to 
their behavior in the anesthetic bath in which there was only a slight loss of 
normal balance. After a period of five to ten minutes the fish in the sodium 
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citrate solution underwent what appeared to be a convulsive phenomenon; 
their bodies began to jerk. This did not result in propulsion through the water. 
These movements stopped in less than five minutes and the fish began to swim 
around excitedly. When left long in such a sodium citrate solution, after ap¬ 
parent recovery, the fish finally became more quiet than a normal fish. When 
the fish were transferred from the sodium citrate solution to tap water while 
still excited, a period of wild excitement ensued; they broke through and 
cleared the surface of the water so that their bodies were entirely out of water. 
This period of excessive excitement lasted for about fifteen seconds. The fish 
then lapsed back into a fairly deep narcosis during which they were balanced 
normally, and the rate of respiration became very low. At this stage when the 
fish were left in the tap water in other experiments they remained narcotized 
for upwards of forty-five minutes. On the other hand when they were put 
back into the sodium citrate solution until they became excited again, and then 
transferred to the water once more, and the whole process repeated several 
times, it was found that the fish recovered from the effects of the anesthetic 
more quickly than if they were only put into tap water after being narcotized. 
These results can be obtained most readily by preparing the anesthetic bath in 
the following manner. Mix one gram of amytal with one gram of sodium 
bicarbonate in about 50 cc. of water. Warm to about 6o° and dilute to 560 cc. 
Adjust the pH to 9.05 — 9.4; then filter. The sodium citrate solution is best 
prepared by adding 18 grams of acid sodium citrate to one liter of water. Then 
add concentrated sodium hydroxide until the pH equals 6.0. 

At the time when the fish that were treated with sodium citrate recovered, 
the controls were still very deeply narcotized, more deeply, in fact, than when 
they were removed from the anesthetic bath. They were finally brought out 
of the anesthesia by treating them with sodium citrate. 

The fish that were placed in the two percent sodium rhodanate solution did 
not recover very rapidly; so they were treated with sodium citrate. However, 
it was noticed that while in the sodium rhodanate solution the respiration of 
these fish was more even and rapid than that of those in sodium citrate or tap 
water. Further, the fish in the sodium rhodanate solution suffered no loss of 
balance; they stayed on the bottom of the bowl, whereas those in the sodium 
citrate solution floated. 

At first sight, it would seem from these results that sodium citrate arouses 
the fish from amytal anesthesia more quickly than plain lap water. Therefore 
it was decided to trace the phenomenon down. Two fish were left in a 2% 
solution of sodium citrate for three minutes; they became hyperexcitable. The 
fish were then transferred to tap water in which they became slightly depressed 
following hyperexcitability; they stayed in tap water for five minutes. After 
that the fish were put into the sodium citrate solution again for a period of 
three minutes; again they became extraordinarily excited in this solution. 
Upon being replaced in tap water they became slightly more hyperexcitable; 
this was followed by a slight depression. The fish were left in the tap water for 
21 minutes following which they were placed in the sodium citrate for two and 
one-half minutes. Again, the cycle, hyperexcitability—^depression—^normal, 
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was observed. The sodium citrate solution was at [H+] = i X io -6 * 46 . The 
whole experiment was repeated several times with slight variations. In each 
case the result was qualitatively the same. The fish still behaved qualitatively 
the same when the solution was adjusted to [H + ] = i X io“® l andi X io” 7 * 1 . 
It was observed that while in the sodium citrate solution the fish breathed 
spasmodically, so that they appeared to be holding their breath. It was found 
that a four percent solution of sodium citrate killed fish in ap hour or less. So, 
most of the phenomena of rousing a fish from amytal anesthesia were dupli¬ 
cated, though in a much less striking manner, by the use of sodium citrate and 
unanesthetized fish. 

It does not seem probable that the sodium citrate acts upon the same 
centers as the amytal in the above experiments. An experiment was performed 
which lends a great deal of credence to that idea. Two fish were anesthetized 
in an amytal solution. Then they were placed in an extremely dilute solution 
of sodium sulphate. Two aluminum electrodes were connected to a source of 
electricity which delivered five volts. When the fish were touched by the 
electrodes they were stimulated to activity. The stimulation ceased when the 
contact was broken. The same result was observed four or five times. This 
did not cause the fish to awaken truly from the narcosis. Likewise, fish 
anesthetized by urethane were brought out of the anesthesia more rapidly than 
controls by shocking them, using four volts. There is no evident reason 
why electric shocks should peptize the protein colloids of the nervous system 
of the fish. 

Another fact of importance is that after allowing four or five fish to remain 
in a sodium citrate solution long enough to recover apparently from anesthesia, 
the solution becomes cloudy. In about a day the sol coagulates. This is 
coagulated fish slime. Likewise sodium amytal appears to do the same thing 
to a lesser degree. A to% solution of sodium rhodanate will do the same thing 
by another mechanism in a longer time. The tearing off of the adherent slime 
must affect the fish. 

From these data it appears quite certain that the apparent recovery 
brought about by sodium citrate is not due to a peptizing action upon the 
same substrate as that which is agglomerated by the amytal. As the theory 
stands, sodium citrate acts in one or both of the following ways: by the pre¬ 
cipitation of calcium salts on the outside, and perhaps inside of the fish, thus 
causing stimulation; by the tearing off of the slimy coating and slight agglomer¬ 
ation in the skin sense-organs. 

It will be evident from what follows that in some cases the important 
thing is the precipitation of calcium salts; and in others it is the agglomeration 
in the skin sense-organs and tearing off of the slimy coating. 

Experiments with ether were undertaken next. In the first experiment 
5.4 cc of anhydrous ether were dissolved in 1.5 liters of tap water. Two fish 
were placed in this solution. After eight minutes they began to swim back¬ 
wards. They continued to do this for 10-15 minutes. Forty minutes after 
the fish were put into this solution four cc more ether were added. The bowl 
was kept covered during the experiment. The fish were left in the solution for 
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another twenty minutes when all noticeable gill and mouth movements 
ceased. One was placed in a 2% solution of sodium citrate that was just acid 
to litmus; and the other was put into a 2% solution of sodium rhodanate. 
Both recovered at the same time. The fish were re-anesthetized in the ether 
solution about ten minutes later; this time they went under in five minutes. 
This result permits of the conclusion either that the ether was not all out of the 
fish at the time that they were re-anesthetized, or that the agglomeration 
brought about by the ether was not entirely reversed. 

From the above and several other comparable experiments in which ether 
was used as the anesthetic an interesting comparison with the anesthesia 
produced by sodium amytal can be made. Ether anesthesia, under the con¬ 
ditions of the experiment, has a much longer induction period. While the 
narcosis produced by ether appears to be deep, it does not last nearly so long as 
the amytal anesthesia. From the results of several experiments it appears that 
the fish recover from ether anesthesia in tap water in from two to four minutes; 
while the recovery time from amytal is of the order of one hour. When the 
fish are removed from the anesthetic bath and put into tap water the anes¬ 
thesia appears to become deeper in the case of amytal, and lighter in the case 
of ether. This merely indicates that ether leaves the fish more rapidly than 
amytal. While making this comparison it is of interest to note that in several 
attempts to anesthetize fish with alcohol failure resulted. Solutions contain¬ 
ing 1-3% of alcohol were used. In each case there was a long period of excita¬ 
tion, 45 minutes to two hours being required to produce anesthesia. During 
most of this time the fish were stimulated and swam around in an intoxicated 
manner. The elapsed time between the onset of depression and deep narcosis 
was very short in comparison to the long period of stimulation. In all of the 
experiments that were performed with alcohol as the anesthetic, the narcosis 
produced was deadly; very few fish survived alcohol narcosis. However, if the 
treatment was discontinued just short of the narcosis stage and the fish placed 
in tap water, they recovered exceedingly rapidly. 

Nembutal, an anesthetic of the barbituric acid series was used in several 
experiments. It is closely related to amytal, but acted somewhat differently 
from amytal in the experiments that were conducted. In the course of ex¬ 
haustive experiments on sodium amytal it was found that the pure salt when 
dissolved in water was toxic to the fish. Likewise nembutal, which is also a 
sodium salt, proved to be quite toxic to goldfish. In a 0.14% solution of 
nembutal it required on an average of 49 minutes to produce anesthesia. A 
very long period of great depression was noted before the anesthetic stage 
came on. Narcotized fish placed in a 2% sodium citrate solution behaved 
qualitatively the same as they did under amytal anesthesia. Quantitatively, 
they were stimulated more quickly by the sodium citrate than the fish anes¬ 
thetized with amytal as previously described; the whole phenomenon of 
stimulation by sodium citrate was less marked. The narcosis induced by 
nembutal did not appear to be so deep as that induced by amytal. 

While comparing different anesthetics, it is of interest to include urethane. 
Urethane dissolved in water to make a 0.5% solution or a 0.75% solution 
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anesthetizes goldfish in from seven to fifteen minutes. In almost every case 
the tail goes out of commission as a swimming help first. Then, as a result of 
incoordinated movements of the pectoral fins, the fish swim backwards 
slowly. A period of slight stimulation is noticed prior to the onset of uncon¬ 
sciousness. The fish do not lose their balance entirely in any of the anesthetic 
solutions, as they do in sodium citrate. Recovery in tap wafer from urethane 
anesthesia requires approximately nine to fifteen minutes. The anesthesia 
does not appear to be very profound; but the effect is more lasting than that 
of ether. The toxicity of urethane is low. In one case a fish was left in the 
anesthetic bath for twenty minutes after voluntary movements had ceased and 
tactile stimulation evoked no response. Yet the fish recovered in a ?% solu¬ 
tion of sodium citrate just as rapidly as another fish that remained in the bath 
only four minutes after the induction of anesthesia. The concentration of 
urethane in the solution affects very greatly the time required to produce 
anesthesia. For instance, two fish were not anesthetized in twenty minutes in 
a 0.2% solution of urethane; while a 3.5% solution brings about a good nar¬ 
cosis in less than two minutes. Large goldfish are more resistant to anesthesia 
by urethane than are small goldfish. Most of these observations of the action 
of urethane were confirmed in as many as fifty experiments. 

Ether does not make a good anesthetic for the study of the recovery process 
under the conditions in which it was used, because the recovery period in tap 
water is so short. However, several important experiments were performed 
which will be reported here because of their bearing on the question of the 
mode and site of action of sodium citrate. A 1% solution of sodium citrate 
just acid to litmus was prepared; 12 cc of anhydrous ether were added to the 
solution. Two goldfish were placed in this solution; one of the fish was affected 
strongly almost immediately. It lost all of its liveliness and balance after a 
short period of excitation. After ten minutes it had nearly stopped visible 
breathing movements. Eighteen minutes after immersion in the solution all 
visible respiratory movements had ceased. The fish was put in tap water in 
which it recovered in two minutes. The second fish required 32 minutes to 
become anesthetized; this fish was placed in a 2% solution of sodium citrate 
just acid to litmus. It required 19 minutes to recover. In no other case of 
ether anesthesia was anything like such a long recovery period observed. In 
other experiments with ether the recovery period was always of the order of 
three minutes. Another experiment was performed in which ten cc of ether 
were dissolved in two liters of tap water. Two fish were kept in this solution 
until all visible signs of respiration had disappeared. There was less dyspnea 
when the fish were subjected to ether-water anesthesia than when the anes¬ 
thetic bath contained sodium citrate. One was transferred to tap water to 
recover; the process required three minutes. The other fish was placed in the 
«»&uin citrate solution; it recovered in one and one-quarter minutes. 

So, fish did not recover in a 2% sodinm citrate solution from anesthesia in a 
sodium citrate-ether-water bath nearly so rapidly as they did in water. Yet, 
fish anesthetized in a bath containing ether and water recovered more rapidly 
in a 2% solution of sodium citrate than they did in plain water. The fish re- 
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covered in water in the same time independently of which anesthetizing bath 
was used. The time for the induction of anesthesia in the two solutions was of 
the same order. If sodium citrate was acting to peptize the substrate that is 
agglomerated by the ether, it should have taken considerably longer for the 
fish to become anesthetized in the sodium citrate-ether-water solution than in 
the ether solution. This was not the case. Further, if the above were the case 
the fish would have recovered more rapidly than it did in sodium citrate after 
being narcotized in the sodium citrate-ether-water bath. So, the sodium 
citrate was not acting as a peptizing agent. Still the sodium citrate was not 
acting as a strong agglomerating agent for the substrate most affected by 
ether, because fish recovered more rapidly from plain ether anesthesia in a 2% 
sodium citrate solution than they did in tap water. The data do not offer any 
evidence that the sodium citrate and ether were acting upon the same sub¬ 
strate. The explanation of the results seems to be that the sodium citrate 
stimulated the fish by precipitating calcium salts thus arousing it from the 
light anesthesia that it had undergone. In the case of the fish that was sub¬ 
jected to sodium citrate-ether-water anesthesia the sodium citrate brought 
about stimulation by the precipitation of calcium salts while the fish was still 
in the anesthetic bath; so that immersion in sodium citrate after the induction 
of anesthesia did not revive the fish quickly. The fish in the sodium citrate- 
ether-water bath came to the top of the solution very shortly after being placed 
in the bath; there was distinct evidence of loss of balance. This is an indication 
that the sodium citrate was operating upon the sense organs on the outside of 
the fish, causing a slight agglomeration there. Also, it undoubtedly acted to 
agglomerate the slime on the outside of the fish. So, the theory of reversible 
agglomeration has not met defeat. 

In another experiment 15 grams of magnesium sulphate (an anesthetic) 
were dissolved in a liter of water and five cc of ether added to the solution. 
Two fish were placed in the solution. Eighteen minutes later they were on 
their sides at the surface of the water. One became anesthetized in 22 minutes 
and the other in 31 minutes. Each of the fish was put into tap water upon be¬ 
coming anesthetized. The fish that was anesthetized first recovered in four 
minutes; while the other fish recovered in four and one-half minutes. As they 
do in sodium citrate solutions, these fish exhibited a loss of balance. The re¬ 
covery time was slightly longer in both cases than that which was observed in 
several experiments in which ether alone was the anesthetic. This experiment 
illustrates two things. In the first place, the magnesium sulphate deepened 
the anesthesia, as a result of its own agglomerating action. Secondly, from the 
loss of balance and the rise to the surface, agglomeration in the peripheral 
sense organs can be inferred. Calcium precipitation may have played a part 
here. 

Mention has been made of the fact that a long series of experiments was 
performed with urethane as the anesthetic. In urethane solutions the usual 
stimulation corresponding to the initial stages of agglomeration is observed. 
It would be redundant to set down the experimental details of all of the work 
on urethane anesthesia and the process of recovery therefrom; for that reason, 
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except in some special cases, only the general results will be cited. Most of 
these results have been checked several times, thus eliminating the factor of 
biological variation. The general procedure was to anesthetize the fish in a 
0.5 or 0.75% solution of urethane in tap water. In order to make more nearly 
certain that the anesthesia was uniform in depth, the fish were left in the ure¬ 
thane solution from two to seven minutes after voluntary" movement had 
ceased and the fish no longer responded to mechanical stimulation with a glass 
rod. It will be remembered that the recovery phenomenon apparently was 
not affected by a 20 minute sojourn in the anesthetic bath after the induction 
of anesthesia. 

It was demonstrated that a 2% solution of sodium citrate at an [H+] 
* 1 X io- 6 - 45 reduces the recovery time very greatly. In such a solution the 
recovery time varies between 30 seconds and two and one-half minutes. Upon 
removing the fish from the sodium citrate solution and placing them in tap 
water a period of hyperexcitability is noticed. This is followed by a short 
depression. The phenomenon is qualitatively the same as that observed under 
similar conditions using amytal for the anesthetic. The quantitative differ¬ 
ence is probably due to the difference in depth of anesthesia, that produced by 
amytal being much deeper. Under special conditions urethane anesthesia and 
the recovery therefrom can be prolonged greatly. As has been pointed out, 
the citrate part of the molecule is responsible for the precipitation of calcium 
probably largely in the peripheral nerves of the fish, an accompanying phe¬ 
nomenon being agglomeration on the outside. This stimulation results in 
more rapid recovery of the fish. 

Likewise, it was found that a 2% solution of sodium tartrate revives the 
fish more rapidly than they return to normal in tap water. The recovery is not 
so rapid as that brought about by sodium citrate. Hyperexcitability is not 
noticed when the fish are returned to tap water after being in sodium tartrate; 
but there is a very short period of depression. Now, sodium tartrate is next to 
sodium citrate in the lyotropic series. That means that its agglomerating 
action on the peripheral part of the fish will be less than that of sodium citrate. 
So it appears that calcium precipitation is not the whole story. Sodium 
tartrate acts both to precipitate calcium and produce a slight peripheral 
agglomeration. It should be pointed out that this agglomeration produces 
stimulation because it is so slight, just as the first stage of anesthesia is that of 
stimulation. 

Now, with magnesium citrate we have an agglomerating cation as well as 
an agglomerating anion. As a result placing fish anesthetized by urethane in 
a saturated solution of magnesium citrate delays their recovery. 

In a series of experiments using a 0.75% solution of urethane to produce 
anesthesia and eighth-molar solutions as recovery media, it was demonstrated 
that sodium bromide increases the rate of recovery from the anesthesia. It 
did not work so rapidly as sodium citrate and sodium tartrate; however, there 
is no question but that sodium bromide is a peptizing agent. In this case, 
there can not be agglomeration produced by the sodium bromide under ordi¬ 
nary conditions so far as one can see. It seems reasonable to assume, therefste, 
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that sodium bromide acts to peptize the substrate that is agglomerated by the 
urethane. 

The calcium-precipitating action of the sulphate radical of sodium sulphate 
was manifested in one experiment. In this case the fish recovered rapidly in a 
solution of that salt. Another experiment failed to show this up very clearly. 

A study of the cations, still using eighth-molar solutions, revealed the fact 
that aluminum chloride apparently brings the fish out of anesthesia more rapidly 
than sodium chloride, which in turn is more effective than calcium chloride. 
This situation requires elaboration. The calcium chloride solution killed three 
out of four of the fish after they apparently had recovered from the anesthesia. 
One fish hemorrhaged in the solution. The order of recovery time was approxi¬ 
mately : AUCle, 1H minutes; NaCl, 4 minutes; CaCl ? , minutes. The case of 
sodium chloride is not out of the ordinary; the chloride ion acts as a peptizing 
agent to hasten the recovery. With calcium chloride we have a weak agglomer¬ 
ating cation, therefore the delay in recovery. Fish generally recover from ure¬ 
thane anesthesia in about this length of time when placed in tap water. The cal¬ 
cium ion can be assumed to be acting to stimulate by a slight agglomeration on 
the outside of the fish. With aluminum chloride the situation is slightly differ¬ 
ent, for the trivalent aluminum ion appears to cause quite a bit of stimulation 
by agglomeration of protein colloids in the peripheral sense-organs. Upon trans¬ 
ferring the fish from the aluminum chloride solution to tap water, hyperex¬ 
citability is noticed. The fish swim rapidly and blindly at the surface of the 
water. They are not so apt to become excited while in the aluminum chloride 
solution as when they are in a sodium citrate solution. The fact that the 
aluminum ion acts to stimulate the fish on the outside rather than acting 
directly to lessen the narcosis can be illustrated by an experiment with sodium 
amytal as an anesthetic and aluminum sulphate as the recovery agent. The 
anesthetic solution was prepared by dissolving one and one-half grams of 
sodium amytal in a liter of water and adding eight cc of 0.236 N HC 1 . The 
fish was placed in M/20 aluminum sulphate solution; after 11 minutes, it did 
not appear to have recovered. Upon being transferred to tap water, the fish 
began to swim around at the surface in circles touching the side of the con¬ 
tainer. It continued to do this for a couple of hours, around and around, al¬ 
ways in the same direction, never leaving the side of the container, never 
ceasing to swim. Normal fish do not perform that way. So, it appears that 
aluminum sulphate and sodium citrate stimulate anesthetized fish without 
necessarily bringing them back to normal, when the anesthesia is deep. 

Two fish were anesthetized in a 0.5% solution of urethane; they were left in 
the solution for four minutes after the induction of anesthesia. The fish were 
then placed in a very dilute solution of sodium sulphate, one or two small 
crystals of the salt in a liter of water. The fish were shocked intermittently 
using four volts, direct current, the application being made with wide alumi¬ 
num electrodes. Each shock stimulated the fish and caused it to wriggle and 
swim a short distance. It became continually more sensitive to the torrent. 
At the end of three minutes it continued to swim without the shocks. The 
second fish responded in the same manner, taking four minutes to recover 
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So, by electrical stimulation fish can be wakened abnormally rapidly from 
urethane anesthesia; and electrical stimulation probably does not result in 
peptization. 

Using a i% solution of urethane to anesthetize fish, it was demonstrated 
that the fish recover more rapidly in Ringer’s solution than in distilled water 
This is presumably due to the peptizing action of the chloride ion. Likewise, 
fish anesthetized in a 3.5% solution of urethane dissolved m Ringer’s solution 
recovered more rapidly in an isotonic sodium chloride solution than they did in 
distilled water. 

Approximately isotonic solutions of sodium tartrate, sodium rhodanate and 
aluminum sulphate were prepared, using as a basis 0.9% sodium chloride solu¬ 
tion, and used as recovery media. The recovery phenomena were not es¬ 
sentially different from the observed effect of eighth-molar solutions. From 
this it can be concluded that osmotic pressure differences do not play an essen¬ 
tial rdle in the recovery process. 

Experiments were performed in which the anesthetic was injected into the 
fish. By way of illustration, 0.5 cc of a 10% solution of urethane was injected 
into the peritoneal cavity of an 8-gram fish. The fish was anesthetized deeply 
in 11 minutes. It did not recover from the anesthetic in 78 minutes. Thus, 
the anesthesia was much deeper than is usual when urethane is dissolved in the 
water. Other experiments were performed in which the fish were deeply 
anesthetized by a 0.75% solution of urethane, dissolved in Ringer’s solution 
and isotonic salt solutions were injected to produce recovery. Not enough 
experiments were performed to be certain of the results. Fish of approxi¬ 
mately equal weight were used. In each case o. 5 cc of the isotonic salt solution 
was injected. Sodium rhodanate produced excitement in the fish most quickly, 
one minute: aluminum sulphate required three minutes; and sodium tartrate 
required four minutes. With no injection the fish recovered in four minutes. 
The recovery of the fish injected with aluminum sulphate was not attended by 
circular swimming. So, the action of this salt internally appears to be different 
from its action externally. 

Fish anesthetized by sodium amytal became wildly excited after one 
minute in a 0.1 M solution of sodium carbonate. There was further great 
excitement when the fish was transferred to water. Here we have both calcium 
precipitation and peptization by hydroxyl ions. Two more transfers to the 
sodium carbonate solution resulted in death. Another fish made a good and 
rapid recovery in a o. 1 M sodium salicylate solution. 

Now, if calcium precipitation is largely responsible for the stimulating 
action of sodium citrate, reducing the amount of calcium in the fish should 
result in diminishing the action of that salt in producing the artificial recovery 
from anesthesia that has been described. Also, if the calcium-precipitating 
action is reduced, the agglomerating action of sodium citrate should become 
more apparent and sodium rhodanate should be more effective than sodium 
citrate in bringing the fish out of anesthesia. In an attempt to realize these 
predictions, fish were placed in a bowl; and distilled water was run in con¬ 
tinuously for a period of about five days. A total of more than 54 liters of 
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distilled water was run through. The fish container was a i-liter beaker. 
The fish were not fed during the process in order to avoid the introduction of 
calcium. The first fish subjected to this process died in convulsions in about 
four days. It may be that a tetany similar to parathyroid tetany resulted from 
lowering the calcium content of the fish. The second time that the process was 
carried out Ringer’s solution, without calcium and magnesium chloride, was 
used to “dialyze” the fish on the second and third day; distilled water was used 
the rest of the time. Fish that were so treated were anesthetized in a 0.75% 
solution of urethane. It was noticed that the anesthesia was quite a bit more 
profound than usual. When the anesthetized fish were placed in sodium citrate 
(1.78% solution just acid to litmus) the phenomenon was more like that de¬ 
scribed under amytal anesthesia. The fish apparently aroused from the 
anesthesia, and became narcotized again when placed in distilled water. 
However, there was no great excitement noticed. In several experiments it 
was found that the 1.78% solution of sodium citrate, when it was slightly 
alkaline and when it was slightly acid, did not counteract the anesthesia for 
from 22 to 24 minutes. The fish were artificially stimulated in a shorter time 
than that; but they lapsed back into a good narcosis. The artificial stimula¬ 
tion indicates that the “dialyzing” process did not lower the calcium suffi¬ 
ciently. In other recovery experiments with these specially treated fish an 
eighth-molar solution of sodium rhodanate revived them three to five minutes 
more rapidly than the sodium citrate solution did. So, the peptizing action of 
sodium rhodanate was demonstrated clearly, and it was shown that sodium 
citrate indirectly stimulates fish to bring them out of anesthesia. 

It was found possible to show that sodium citrate has an anesthetic-like 
action on these specially treated fish and that sodium rhodanate tends to 
counteract it. Two of the fish were placed in the above sodium citrate solution 
for a period of four minutes. They were highly excited in the sodium citrate 
solution. When transferred to distilled water they became depressed. Their 
sensitivity to touch was diminished; and the fin movements were incoordinated 
as in anesthesia. After nine minutes in tap water, when the fish were again 
normal in action, they were placed in the sodium citrate solution again, where 
they were left for four minutes. One fish then was put in water and the other in 
eighth-molar sodium rhodanate solution. Two minutes later the fish in sodium 
rhodanate was excitable to touch and was swimming around; while the other 
fish appeared to be anesthetized. This is not a very striking experiment; but 
it is definite; and sodium citrate is not a good anesthetic. 

General Conclusions 

1. A study of anesthesia and the recovery phenomena has been made on 
goldfish anesthetized by sodium amytal, ether, nembutal, alcohol, and 
urethane. 

2. A comparison of the anesthesia produced by these compounds 
is made. 
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3. At first sight the theory of reversible agglomeration does not appear to 
hold because sodium citrate, sodium tartrate, and aluminum sulphate all re¬ 
vive the fish more rapidly than sodium rhodanate, sodium chloride and sodium 
bromide. Sodium salicylate and sodium carbonate also revive fish quickly. 

4. Sodium bromide, sodium chloride, and sodium rhodanate all bring 
the fish out of anesthesia more rapidly than tap water due to the peptizing 
action of the anions. 

5. Electric shocks bring fish out of anesthesia more rapidly than is 
normal. 

6. Sodium citrate acts on a different substrate from that which is 
agglomerated by anesthetics. 

7. Sodium citrate precipitates calcium, coagulates the slime on the fish, 
and causes agglomeration of protein colloids in some of the sense organs on the 
outside of the fish. This causes the fish to become stimulated, and apparently 
awakens them from the anesthesia. 

8. Fish awakened from deep anesthesia by the stimulation produced by 
sodium citrate, become narcotized again when placed in tap water. 

9. Aluminum sulphate stimulates fish by its agglomerating action in the 
outside sense organs. Fish revived by the use of aluminum sulphate behave 
abnormally when placed in tap water. Still the total time for recovery is short. 

10. Fish that are “dialyzed” in distilled water go under deeper anesthesia 
in urethane than fish not so treated. 

11. Fish that have been “dialyzed” in distilled water recover from ure¬ 
thane anesthesia more rapidly in a sodium rhodanate solution than in a 
sodium citrate solution. 

12. Fish that have been “dialyzed” in distilled water behave as though 
anesthetized when placed in sodium citrate solutions. Sodium rhodanate ap¬ 
pears to counteract this effect. 

13. Osmotic pressure changes do not appear to be concerned in the re¬ 
covery from anesthesia. Likewise, slight variations in acidity do not seem to 
make any difference. 

14. Claude Bernard’s theory of anesthesia has been substantiated again. 

Cornell University . 



VISCOSITY AND MOLECULAR WEIGHTS OF 
POLYMERIC MATERIALS* 


BY ELMEB O. KRAEMER AND FRANK J. VAN NATTA 

The existence of an intimate relationship between the viscous behavior of 
colloidal solutions and their ultramicroscopic physical structure has long 
been acknowledged, but, with the exception of simple dilute suspensions to 
which Einstein’s equation is applicable, it has not in general been possible to 
deduce quantitative conclusions concerning colloidal structure from viscosi¬ 
ties. Although a number of different factors and conditions have been 
recognized as important— e.g., (i) aggregation, (2) electroviscous effects, 
(3) solvation, and (4) non-spherical particle-shape—the evaluation of the 
significance of each in a given case has usually been a matter of speculation. 
The influence of aggregation on viscosity has frequently been demonstrated 
by direct microscopic or ultramicroscopic examination of sols in which the 
particles are discernible and it is probably often significant also for the 
characteristic viscous behavior of lyophilic sols. Electroviscous effects, like 
electrokinetic phenomena in general, are restricted to conducting systems. 
Solvation has undoubtedly been over-emphasized in the past, for independent 
and, presumably, reasonably reliable estimations of the degree of solvation 
frequently fail to confirm the very high values deduced from viscosities. Al¬ 
though the effect of particle-shape should in special cases be calculable from 
hydrodynamic theory, no careful analysis was made until very recently. At 
our request Professor L. Onsager 1 has kindly worked out the case of a sus¬ 
pension of rotation-ellipsoids and has found that the shape factor of Ein¬ 
stein’s equation (which is 2.5 for spheres of any size) increases with the square 
of the ratio of major to minor axes. The detailed calculations are, however, 
not yet available. 

In the absence of a theoretical basis for taking particle-shape into consider¬ 
ation, efforts have been made to obtain empirical relations . 2 Of especial in¬ 
terest are the results of Staudinger and his associates for a number of natural 
and synthetic macromolecular substances, such as cellulose, rubber, and their 
derivatives, polystyrene, polyvinyl compounds, etc. These substances are 
typical, linear, high-molecular-weight polymers, and belong to the general 

* Communication No. 104 from the Experimental Station, E. I. du Pont de Nemours 
& Co., Wilmington, Del. 

1 Washington meeting, American Physical Society, April 28-3P, 1032; Physical Bulletin 
7 , No. 2, p. 7. By a less rigorous analysis, B. Eisenschitz: Z. phvmk. Chem., 158 , 78 (1931), 
reached tne conclusion that, as a first approximation, the shape factor in Einstein's equation 
increases linearly with the ratio of the major-to-minor axes of ellipsoidal particles. 

* H. Staudinger: Kolloid-Z., 51 , 71; 53 , 19 (1930); 54 , 129 (1931); Z. angew. Chem., 45 > 
276 (1932); Ber., 65 , 267 (1932), and many earner papers; H. Kkentscher and H. Mark: 
Kolloid-Z., 49 , 135 (1929); H Mark: 53 , 32 (1930); H. Fikentscher: Cellulosechemie, 
1932 , 58. 
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class of intrinsic colloids. 1 According to Staudinger, these substances pass 
into solution, in the absence of association, as single, rod-like molecules, and 
their high specific hydrodynamic volumes 2 are a consequence of the molecular 
form. For solutions of a given concentration and polymeric series, the vis¬ 
cosity was found to be proportional to the molecular weight (up to several 
thousand) and, therefore, to the length of the rod-like molecules. By extra¬ 
polation of empirical relationships established on low polymers, to which 
ordinary molecular-weight methods are applicable, Staudinger has estimated 
the molecular weights of many high polymers, including rubber and cellulose. 

Since there are relatively few satisfactory general methods for determining 
the molecular weights of high polymers or for studying the nature of their 
solutions, Staudinger’s conclusions are of great interest and his methods de¬ 
serve careful examination. As a test of his methods, this paper presents re¬ 
sults on a polymeric series of considerable range for which the molecular 
weights are believed to be known exceptionally accurately. It will be shown 
that Staudinger’s equations only approximately describe the facts and must 
be used with caution. Molecular weights assigned by Staudinger to rubber, 
cellulose, cellulose derivatives, and very high polymers in general may be con¬ 
siderably in error, and are probably too high rather than too low, as he 
supposes. 

Staudinger’s Viscosity vs. Molecular-Weight Equations 

Staudinger has employed two methods for calculating molecular weights 
from viscosity measurements on dilute solutions of the polymers. 

Method I depends on the equation 

(1) log 7 Jr == K, m Mc 

where rj r is the relative viscosity compared to that of the solvent, K tm is the 
“molecular weight-concentration constant” 3 and is specific to a given solvent 
and polymeric series, M is the molecular weight, and c is the concentration, 
which is usually expressed by Staudinger in terms of “base-molarity,” i.e., 
the molarity of the recurrent group constituting the structural unit of the 
polymer. K cm was evaluated from viscosity measurements on the lower 
members of the series, for which the molecular weights could be determined by 
the usual methods. The molecular weights of the higher polymers were then 
calculated from the viscosities of their solutions by extrapolation, using the 
above equation. 

Method II depends on the equation 

(2) tjr I = K m Mc 

where K m is a constant specific to the solvent and polymeric series. As Hess 
and Sakurada 4 have pointed out, this equation is not independent of equation 

1 E. O. Kraemer and G. R. Sears: J. Rheology, 2, 292 (1931). 

* E. O. Kraemer and G. R. Sears: J. Rheology, 1, 231 (1930). 

* Staudinger, in effect, writes the constant of proportionality i/K C m instead of K om 
but there is no apparent object in using the reciprocal form. 

4 K. Hess and I. Sakurada: Ber., 64 , 1183 (1931). 
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1, but is equivalent to the first two terms of the expansion of equation 1 when 
natural logarithms are used, K m being then equal to Kc m . Equation 2 is to 
be used only at low concentrations where the relative viscosity is a linear 
function of concentration. It is in this respect equivalent to Einstein's equa¬ 
tion, in which, however, K m M is constant and equal to 2.5 when c is expressed 
as a volume fraction. In this method also, K ra is evaluated by measurements 
on members of the series with known molecular weights. 

The Viscosities of Polymeric co-Hydroxydecanoic Acids 

For investigating the relation between viscosity and molecular weight 
more accurately than has hitherto been done, a series of polymers of the general 
formula HO[(CH 2 )9COO] x H, formed by intermolecular esterification of 
co-hydroxydecanoic acid, was selected because of the possibility of determining 
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Table I 

Viscosity of Polymeric o>-Hydroxydecanoic Acid in 
sym . -Tetr achlor oethane 


2 5 °C._ 5Q°C. 


Mol. Wt. 

Wt. % 

Density 

g/100 c.c. 

Vt 

Density 

Vr 

780 

0.2596 

1.5816 

0.4106 

1.0449 

1-5431 

1 .0370 


°SI 74 

1.5788 

0.8169 

1.0894 

'1 • 5408 

1-0757 


1-747 

1.5680 

2.739 

13583 

1• 53°3 

1-3015 


3.088 

1-5559 

4.804 

1 - 7°77 

1-5185 

1-5773 


5 158 

1-5372 

7.929 

2.3536 

1-5013 

2.0896 

1,710 

0.1028 

1.5826 

0.1626 

1.0245 

1 •5438 

’1.0223 


0.2532 

1.5814 

0.4004 

1.0663 

1 •5423 

1.0625 


I .311 

i- 57 i 5 

2 .060 

i- 395 ° 

1 •5330 

1 .3414 


2.718 

1.5588 

4.236 

1- 9°53 

1.5210 

1 •7493 


4591 

i- 54 i 9 

7.O79 

2.7949 

1-5051 

2.4606 

5.67° 

O. I719 

1.5820 

0.272 

1.1172 

1 5432 

1.1078 


0-3399 

1•5805 

0.5372 

1.2409 

1.5416 

1.2196 


O.8568 

i- 577 ° 

I -351 

1.6425 

1 •5371 

I- 595 I 


I .687 

t -5697 

2.647 

2.5843 

I- 53 I 3 

2-3773 


3-436 

1-5524 

5 335 

5-3302 

1.5164 

46341 

9 , 33 ° 

0.05051 

1-5832 

0.07997 

i -°495 

1 • 5445 

1.0458 


O.IO25 

1.5827 

0.1622 

1.1023 

1-5438 

1.0969 


O.4264 

1-5797 

0-6735 

1.4772 

1 •5409 

1-4337 


O.8598 

1-5759 

1-355 

2.0759 

1 •5371 

1-9657 


1.388 

1 • 5711 

2 . l8l 

3 0036 

1-5327 

2.7625 


2.228 

1-5634 

3-483 

4-9055 

1-5254 

4-3871 

16,900 

0.02221 

1-5837 

0.03517 

i -°357 

1 •5448 

i -°333 


O.O4434 

I -5835 

O 07021 

1.0770 

1 •5447 

1-0713 

20,600 

O.OI589 

1-5839 

0.02516 

1-0344 

— 

— 


O.O3226 

15836 

0.05108 

1.0670 


— 

25,200 

O.O1671 

1-5838 

O.O2647 

1.0452 

1 •5445 

I.0418 


O.OI717 

1-5838 

0.02720 

1-0507 

1-5445 

1.0477 


O.O4276 

I -5835 

O.0677I 

1-1233 

1 .5444 

I .1143 


O.O4365 

I -5835 

0.06912 

1.1368 

1 .5444 

I -1305 


O.08583 

1-5831 

0.1359 

1.2497 

1 •5440 

I-23I7 


O.I7O9 

1.5821 

O.2703 

i- 53 i 6 

1 .5431 

1.4970 


0.3447 

1.5806 

0 • 5449 

2.2208 

1 .5417 

2.1210 


0.6026 

1.5781 

0.9508 

3-2335 

1 •5393 

3.O4OI 


0.9443 

1-5754 

1.488 

5 7649 

1 •5373 

5-2436 


the molecular weights by titration of the terminal acid groups . 1 In this way 
higher molecular weights could be determined than by the customary physico¬ 
chemical methods. The values so determined satisfactorily checked values 
obtained ebullioscopically on the lower members; the value for the highest 

1 These polymers were prepared and fractionated by one of us (F. J.V.N.) in connection 
with polyinemation researches with Dr. W. H. Carotners, and will be described in greater 
detail m a separate paper. 
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polymer was confirmed by ultracentrifugal analysis (titration, 25,200; centri¬ 
fugal sedimentation equilibrium, 27,000). 1 Admittedly the polymers are not 
entirely homogeneous with respect to molecular weight. The ultracentrifugal 
analysis, for instance, indicated the presence of some material having a molecu¬ 
lar weight above 27,000 and a small portion of smaller molecular weight. 
The uniformity was distinctly greater, however, than was expected, and was, 
we believe, probably quite as good as for the polymers of equal molecular 
weight that were used by Staudinger. Unfortunately, Staudinger gave no 
information concerning uniformity as definite as that obtainable with the 
ultracentrifuge. 

The viscosities of dilute solutions in sg/ra.-tetrachloroethane were ac¬ 
curately measured at 25 and 50° C. with a Bingham capillary viscometer. 
The results are presented in Table I and Fig. 1, and are discussed under the 
following topics. 

Log Relative Viscosity vs. Molecular Weight (Staudinger’s Method I) 

The logarithms of the relative viscosities at 25 0 were plotted against the 
concentrations in grams per 100 cc. of solution. As usual for high-molecular- 


weight materials, the curves 

were in all cases 

concave to the concentration 


Table II 


Mol. Wt. 

(log »?r)/c o 

K cm X io 4 * 

0 

00 

O.O484 

10.5 

1710 

0.0702 

7.0 

5670 

o-i 73 

5-2 

9330 

0.261 

4.8 

169OO 

0.452 

4-5 

20600 

0-574 

4.7 

25200 

0.778 

5-2 


* Kcm is defined by equation 1 when concentration is in terms of base-molarity, and 
corresponds to the reciprocal of Staudinger’s K om constant. 


axis, 2 and, accordingly, could not be expressed by equation 1. The limiting 
slope at zero concentration therefore was determined for each curve (graphi¬ 
cally), the values being given in Table II, column 2. In column 3 are given 
the values of Kc m , obtained from the values of column 2 by division by the 
molecular weight and multiplication by 17, the factor 17 being necessary to 
convert the concentrations to Staudinger’s base-molar basis. 

According to Staudinger, K cm should be a constant, characteristic of a 
particular polymeric series and solvent. The values given in Table II suggest 
that Kcm reaches a constant value of about 5 X io” 4 near a molecular weight 
of 5,000, on the basis of which the higher molecular weights might be roughly 
calculated by equation 1. 

1 We are indebted to Dr. W. D. Lansing of this laboratory for the ultracentrifugal 
analysis. 

1 J. W. McBain, C. E. Harvey and L. E. Smith: J. Phys. Chem., 30 , 312 (1926); H. 
Fikentscher: CeUulosechemie, 1932 , 58. 
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As a matter of fact, however, the variation in Kcm above a molecular weight 
of 5,000 distinctly exceeds the experimental error, and the calculation of Kom 
simply confuses the actual relationship between viscosity and molecular 
weight. This becomes evident when (log rj T )/c 0 is plotted against molecular 
weight. The curve is indeed practically linear for molecular weights below 
1 7,000, but it does not extrapolate through the origin, as required by equa¬ 
tion i. For molecular weights exceeding 17,000, an upward curvature be¬ 
comes detectable, i.e., (log 77 r )/c 0 gradually increases more rapidly than the 
molecular weight. If the curvature continues with increasing molecular 
weight, as seems likely, the discrepancy between the actual viscosity and the 
viscosity calculated from equation 1 becomes greater with increasing mo¬ 
lecular weight. 

Since there is greater theoretical justification for using a linear equation 
relating viscosity and concentration (equation 2), and since, as pointed out 
above, equations 1 and 2 are essentially identical for low concentrations, a 
more detailed discussion of the results is left for the following section. 

Relative Viscosity vs. Molecular Weight (Staudinger’s Method II) 

The influence of particle shape and structure on viscosity is most simply 
revealed at very low concentrations, where mutual interference of the particles 
is negligible. Under these conditions, the relative increase in viscosity over 
that of the solvent is directly proportional to the concentration. 

The relative viscosities for the lowest concentrations (Table I) were 
plotted against concentration on a large scale. Although a slight departure 
from linearity could be detected for the highest polymers, rather accurate 
values for the slopes at zero concentration (= (rj T — i)/c 0 ) could be obtained. 
This quantity may be termed the “specific increase in relative viscosity,” and 
its values are given in Table III, column 2 (for 25 0 ) and column 3 (for 5o°C.), 
c being expressed in grams of solute per 100 cc. of solution. According to 
equation 2, the ratios of these slopes to the corresponding molecular weights 
should be constant, as well as the K m values (column 4), obtained by multi¬ 
plying these ratios by 17 (a base-molar solution of hydroxydecanoic acid 
polymer containing 17 g./ioo cc.). The K m -values are directly comparable to 
Staudinger’s K m -values. The average of the ratios of corresponding Km’s and 
Kom’s is 2.37, instead of 2.30 as required theoretically by the relationship be¬ 
tween equations 1 and 2 when Briggsian logarithms are used in connection 
with equation 1. 

Table III 


Mol. Wt. 

(vr “ i)/c 0 (for 25 0 ) 

(vr-i)/Cc (for 50°) 

K m X io 4 (25°C.) 

780 

0 109 

0 093 

23 7 

1710 

0 157 

m 

rf 

M 

O 

15 6 

5670 

0 425 

O 403 

12 7 

9330 

0 615 

0 586 

11 2 

16900 

I 04 

I 00 

M 

O 

La 

20600 

I 32 

— 

10 9 

25200 

I 84 

I 75 

12 4 
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The K m -values show a systematic drift like that of the Kom-values of Table 
II. A similar drift is evident in Staudinger’s data for polyvinyl acetate, 1 
polystyrene, 2 * and cellulose acetate. 8 With the highest hydroxydecanoic acid 
polymers an approximately constant value of 12 X io -4 appears to be at¬ 
tained, which is the same as that found by Staudinger 4 for cellulose and 
cellulose acetate, but distinctly larger than the values for paraffin hydro¬ 
carbons (0.85 X io -4 ), polystyrenes (1.8 X io -4 ), rubber and hydrorubber 
(3 X io~ 4 ), polyoxymethylenes (2.2 X io~ 4 ), and polyvinyl acetates (3 X io“ 4 ). 
As Staudinger has shown, the differences in the Km’s for different polymeric 
series are to a first approximation related in a simple way to the length of the 
recurring unit in the polymeric chain. Specifically, when n is the number of 
atoms per recurring unit in the polymeric chain, the ratio K m /n is approxi¬ 
mately constant; i.e., K m /n = Keq V . To the extent that equation 2 is appli¬ 
cable, this means that the relationship between viscosity and molecular weight 
is the same for different polymeric series when concentrations are expressed 
in terms of molarity of chain-atoms (i.e., nc). For the case of the hydroxy¬ 
decanoic acid polymers, n equals 11, and Kc qv equals 1.1 X io~ 4 . This is thus 
not greatly different from the values found by Staudinger for hydrocarbons 
in tetralin or benzene (0.85 X io -4 ), hydrocarbons in carbon tetrachloride 
(1.14 X io~ 4 ), polyoxymethylene in chloroform (1.1 X icr 4 ), cellulose in 
cuprammonium and cellulose acetate in m-cresol (2.4 X io -4 ). 

On the whole, therefore, the hydroxydecanoic acid polymers show the same 
relations between viscosity and molecular weight as Staudinger has described 
for other linear polymers of low and intermediate molecular weight (up to 
about 10,000). However, the applicability of these relations by extrapolation 
to the estimation of the molecular weights of high polymers is a matter re¬ 
quiring closer scrutiny of the data for its justification. Two principal points 
are involved: the accuracy with which the relationship between viscosity 
and molecular weight is known over the range of molecular weights that can 
be measured by reliable methods, and the probability that the empirical rela¬ 
tionship holds far outside the range in which it is experimentally established. 

With respect to the first point, reference was made above to the approxi¬ 
mate constancy of K m for molecular weights above 5000. As a matter of fact, 
however, the inconstancy of K m is definitely greater than the experimental 
error, and equation 2 does not accurately represent the facts. The relation 
between (rj T — i)/c 0 and molecular weight is more adequately shown graphically 
(Fig. 2), whereupon it is evident that the relation is indeed a linear one over a 
rather wide range of molecular weight, but not one of simple proportionality. 
Whereas the inconstancy of K m would suggest an anomalous situation at low 
molecular weights, the curve reveals no such thing. The significance of the 
marked variation in K m at low molecular weights and of the attainment of 

1 Ann., 488 , 16 (1931). 

2 Ber., 63 , 222 (1930). 

8 Ber., 63 , 3132 (1930). 

4 Ber., 65 , 267 (1932). 
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approximate constancy at higher molecular weights is obvious. Up to molecu¬ 
lar weights of about 17,000, the curve is represented by the equation 1 

(3) 0 ?r-l)/c = 0.065 + 5-85 X IO~ 5 M 

when concentrations are in grams per 100 cc. 

Above 17,000, however, a distinct upward curvature becomes evident, and 
equation 3 also fails to be applicable. The calculation of molecular weights of 
hydroxydecanoic acid polymers in the range of 100,000 or higher by equations 



2 or 3 from viscosity data would obviously give quite erroneous results. The 
selection of a non-linear empirical equation for use in extensive extrapolations 
would be too arbitrary to be useful in a case of this sort. 

Whether the results presented here should be considered typical of linear 
polymers, it is not possible to say with definiteness, but there is no apparent a 
priori reason why they should be considered exceptional. It is true that 
Staudinger and his associates have not described similar results. In most 
cases, however, Staudinger’s molecular weights, determined cryoscopically, 
become decidedly unreliable above 10,000 (for which freezing-point depressions 
of less than 0.01° were measured) and values of K m were usually calculated 
from data below 15,000. It seems possible, therefore, that the linear relation¬ 
ship shown below 15,000 would break down at higher molecular weights for 
some of the polymeric series studied by Staudinger as well as for the hydroxy- 

1 Equation 3 is identical in type with that used by Staudinger and Ochiai: Z. physik. 
Chem., 158 , 35 (1931), in taking account of the effect of end groups. 
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decanoic acid series. Although the departure from linearity might not take the 
form of an upward curvature as in Fig 2, it would in general seem desirable to 
admit the possibility of departure from linearity at high molecular weights un¬ 
less definite evidence to the contrary was available. Linear relations over very 
wide ranges of the variables involved are after all rather exceptional. It is 
interesting and suggestive to carry out calculations involving wide extra¬ 
polations, but it seems to us unfortunate and almost without precedent to 
assert definitely and positively, as Staudinger does, without any theoretical 
and very little experimental support, that a linear relation established between 
molecular weights of o and 15,000 must hold in the range of 150,000 and over. 
While granting that Staudinger’s calculations indicate that rubber, cellulose, 
their derivatives, and certain synthetic polymers like polystyrene have very 
high molecular weights, we consider the numerical values as possibly a good 
deal in error, and probably too high. 

Fikentscher’s Equation 

Fikentscher (loc. cit.) has recently proposed an equation containing a 
single arbitrary constant, which, although empirical, appears to be superior 
in general applicability to any hitherto used: namely 

« 1< *»-7?71E + tc 

where c is the concentration in grams per 100 cc of solution and k is the 
arbitrary constant, which Fikentscher calls the “eigenviskositat.” 

In order to determine the relationship between k and molecular weight, 
the k’s were calculated for the hydroxydecanoic acid polymers. Suitably re¬ 
arranging equation 4 and setting c = o gives logTjr/Co = 75 k 2 + k, with 
which the values of k may be conveniently calculated from the values of 
(log Vr)/c 0 given in Table II. The k’s are given in Table IV, column 2. The 
curve of k against molecular weight is concave to the molecular weight axis and 
rather strongly curved. It consequently does not provide a satisfactory sub¬ 
stitute for equations 2 and 3 for determining the molecular weights of high 
polymers by extrapolation. 

In passing, attention may be called to columns 4 and 5 illustrating the 
success with which Fikentscher’s equation reproduces the observations on the 
hydroxydecanoic acids. When k is selected to fit the viscosities of dilute solu¬ 
tions, as in the present case, the calculated viscosities for more concentrated 
solutions may differ considerably from the observed values. The discrepancies 
are not so glaring if the constant k is calculated from the viscosities of the con¬ 
centrated solutions. For instance, the calculated and observed viscosities for 
the low concentrations of the highest polymer agree to about 5 per cent when 
k is calculated from the data on the most concentrated solution. It is of inter- 
oreto note that the k for the highest hydroxydecanoic acid polymer is about 
equal to the k’s found by Fikentscher for “medium viscosity” nitrocellulose 
in acetone and for rayon in cuprammonium. 
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Table IV 


Mol. Wt. 

k 

Concn. 

Obfi. ifr 

Calc. It 

00 

0 

0.020 

7.929 

to 

CM 

cn 

2.19 

1710 

0.025 

7.079 

2.79 

2.68 

5670 

0.042 

5-335 

5-33 

5.58 

9330 

0.058 

3-483 

4.91 

5.66 

16900 

0.071 

— 

— ' 

— 

20600 

0.081 

— 

— 

— 

25200 

0.0954 

0. X 

1.19 

1.19 



0.5 

2.05 

2.32 



I .0 

3-42 

4.93 



1 ■ 5 

5.85 

9.68 


Temperature Coefficient of Viscosity 

An important argument in support of the view that the unit in solutions of 
linear polymers is the single unsolvated molecule is provided by the fact that 
the relative viscosity is affected but slightly by changes in temperature. As 
may be seen in Table V, the ratio of ( rj T — i)/c 0 at 25 0 and 50° is practically 

Table V 

Mol. Wt. 780 1710 5670 9330 16900 25200 

Temp. Coeff. 1.17 1.08 1.05 1.05 1.04 1.05 

constant for all except the lowest polymer and differs but little from unity. 
The departure from unity may be due to a small solvation effect. 

Effect of Rate of Shear 

A characteristic feature of the viscosity of solutions of high polymers, 
particularly those with a large specific hydrodynamic volume, is their failure to 
show a constant viscosity at different rates of shear. In general, the variation 
in viscosity with rate of shear increases with the concentration and the specific 
hydrodynamic volume. As the concentration is reduced, the magnitude of the 
effect may become too small to detect, but it probably does not completely 
disappear. For the highest concentrations of the highest polymer used in this 
investigation, an increase in pressure from 97 to 530 g./cm. 2 caused a drop in 
viscosity of about 3%. In other cases, the effect was less, and could be disre¬ 
garded for the purposes of this investigation. It is not to be denied, however, 
that this is a significant property of macromolecular solutions. 

Experimental Details 

Preparation of Materials: The polymeric o>-hydroxydecanoic acids were 
prepared by heating the monomer at various temperatures and pressures for 
different times, depending upon the degree of polymerization desired. The 
polymers were fractionally crystallized to increase the homogeneity. The 
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molecular weights were determined by titration of chloroform-alcohol solu¬ 
tions of the polymers with alcoholic potassium hydroxide. 

The tetrachloroethane was washed with water, dried and redistilled. It was 
characterized by the following properties: boiling range, 143.5-144° at 76 cm; 
density 2 \ = 1.5842; N^ 5 = 1.4920; absolute viscosity at 25° = 0.01610 
poises. Its viscosity remained unchanged during the course of the investigation. 

The solutions were made up by weight and the densities were determined 
pycnometrically. Since a detectable decrease in viscosity of the solutions, 
especially of the higher polymers, occurs during a few days, the viscosities 
were measured on fresh solutions. 

Viscometry: The viscosities were measured in accordance with Bingham's 
procedure for accurate viscometry. 1 The viscometer was of the standard 
Bingham type and had the following dimensions: capillary length, 9.85 cm.; 
average effective radius (calculated from the efflux time for the standardizing 
liquid), 0.01512 cm.; efflux volume, 3.963 cc. The construction of the vis¬ 
cometer was reasonably symmetrical, the efflux times for the two directions of 
flow differing by but a fraction of a percent. The two times were therefore 
averaged. 

The constants of the instrument were determined by calibration with gas- 
free water at 2 5 0 and 5o°C. The kinetic-energy instrument constant was ob¬ 
tained from the variation of efflux time with pressure by Knibb's method (see 
Bingham's book). In the equation tj — cpt — c'd/t, c = 5.206 X io~ 7 and 
c' = 0.0309. The kinetic energy correction rarely amounted to 1% of the 
total pressure for measurements at 25° and seldom exceeded 2% at 50°. 

The efflux times were measured with two checked o.i-second stop 
watches. The time was never less than 1 so seconds at 25° or 100 seconds at 
50°, and usually was considerably greater. 

The pressures were read on mercury or dibutyl phthalate manometers, 
depending on the magnitude of the pressure, with a steel tape graduated in 
millimeters. The difference in level was never less than 12 cm. and was usually 
considerably greater. The customary corrections were applied for expansion 
of the tape, buoyancy, etc. 

The temperatures of the two thermostats used were held at 25° ± 0.03 and 
50° ± 0.03, as determined by a thermometer with Bur. Stand, certificate. 
After determination of the mean efflux time at 25°, the viscometer was trans¬ 
ferred to the 50° thermostat without refilling, the volume was readjusted, and 
effluxes at 50° observed. Occasionally, the viscometer was again returned to 
the 25° bath to assure reversibility. 

During filling of the viscometer, the solutions were filtered through a 
sintered glass disc under conditions effectively preventing evaporation of sol¬ 
vent or contamination from the air. Evaporation was also guarded against 
while the efflux times were being determined. 

In general, the inconsistency of the results was less than 0.2%. 

1 E. C. Bingham: “Fluidity and Plasticity” (1922). 
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Summary 

Careful measurements of the viscosities of solutions of polymeric hydroxy- 
decanoic acids with molecular weights from 780 to 25200 inclusive show that 
a simple relationship exists between viscosity and molecular weight over a 
wide range of the latter, in qualitative agreement with, observations of 
Staudinger for numerous polymeric series. The quantitative expression of the 
relationship, however, requires a modification of the Staudinger equation. 
In the range of high molecular weights (above 15,000) the simple relationship 
breaks down for the polymeric w-hydroxydecanoic acids. In the light of these 
results, Staudinger’s values for the molecular weights of rubber, cellulose, and 
other very high polymers are unreliable. 



ADSORPTION OF OXALIC ACID BY ALUMINA 


BY PHILLIP H. DEWEY 

When studying the oxidation of acetaldehyde by hydrogen peroxide in 
presence of an alumina catalyst made from aluminum nitrate, there was an 
apparent loss of acetaldehyde. Since acetic acid and oxalic acid are the two 
most probable oxidation products, some experiments were'made with acetic 
acid and oxalic acid to determine whether there was any difficulty in analyzing 
for them in presence of alumina. Acetic 
acid can be washed out of the alumina 
without difficulty and titrated with alkali. 

This is not possible with oxalic acid. A 
solution containing 20 g AljOs, 100 cc 
HjO and 0.36 g oxalic acid was allowed 
to stand for six days and was then ex¬ 
tracted for twenty-seven hours in a 
Soxhlet apparatus. Titration showed 
0.0153 g oxalic acid, less than five percent 
of what should have been found. 

This might have been due to the 
formation of an insoluble oxalate or to 
very strong adsorption. Runs were there¬ 
fore made with acetic acid and with oxalic 
acid. The results are shown graphically 
in Fig. 1. It is clear that no compound 
is formed in either case and that oxalic 
acid is adsorbed very strongly at the low 
concentrations. At the higher concentra¬ 
tions there is enough alumina peptized 
to give an almost gelatinous precipitate 
when neutralized with caustic soda. In 
cases where the precipitate is at all 
marked, the determination of the oxalic 
acid in solution gives low results when titrating with alkali, using phenol- 
phthalein as an indicator. The end-point is indefinite, the first pink appearing 
at a value as much as forty percent low in the case of a 0.015 M solution. 
If the titrations are made hot and alkali enough is added to give a permanent 
pink when boiled for two minutes, the proper value is obtained. 

It is possible to determine the free and adsorbed oxalic acid with the 
regular hot acid permanganate titration. 



Fio. 1 

Adsorption Curves for Oxalic and 
Acetic Adds 

• Curve II Acetic Acid 
0 Curve I Oxalic Acid 
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Summary 

1. Acetic acid and oxalic acid form no compounds with an alumina 
catalyst at room temperature. 

2. Oxalic acid is adsorbed much more strongly than acetic acid by an 
alumina catalyst. 

3. Oxalic acid cannot be washed out of alumina in a*ny reasonable time. 

4. Oxalic acid adsorbed by alumina can be determined satisfactorily by 
the hot acid permanganate titration. 

This work was done under the direction of Professor Bancroft. 

ComeU University . 



A MODIFIED ELECTRO ULTRAFILTER 



BY D. YON KLOBUSITZKY 

The electro ultrafilter of Bechhold, 1 which, as is known, gives a rapid 
dialysis, at the same time concentrating the solution, is for that reason of 
the greatest utility in the laboratory for chemical and physical chemistry 
purposes, but it has for us the inconvenience of being made with an apparatus 
of porcelain Bechhold-Konig only manufactured in Germany. This makes 
it necessary to buy spare parts or in the 
case of breakages to interrupt the work 
for some time. The first alternative is 
very expensive and the second retards 
the work. My end therefore was to con¬ 
struct an electro ultrafilter with easy 
mounted parts in common use. 

For model I used a large Bechhold 
electro ultrafilter with suction in only one 
direction. As a recipient for the solution I 
used a strong glass cylinder having at one 
of its extremities a neck. This recipient 
was closed with a membrane of parchment 
tied with a thread to stop the entrance of 
water (when it was necessary I waxed or covered the outer side of the 
parchment with a layer of a liquefied mixture of wax and colophony). In 
this recipient was placed a porcelain candle of any make. This candle was 
completely glazed with the exception of the bottom and closed with a 
rubber stopper containing two bores, to one of which was connected an 
electrode of platinum which went to the bottom and to the other a glass tube 
in the form of an L reaching also to the bottom. The wall at the bottom of 
the candle was, as in the Bechhold-Konig recipient, in the first place placed 
in a solution of 10% collodion in acetic acid and afterwards hardened and 
washed in water until all traces of acetic acid had disappeared. Thus the 
two recipients remained impermeable to colloids. 

Below the parchment membrane was placed an electrode of silver: in the 
glass recipient an agitator and thermometer: all the apparatus was remaining 
in a vessel containing distilled water. A continual current of the maximum 
no volts and 0.5 amperes was connected: the positive pole to the interval 
platinum electrode and the negative pole to the end of the silver electrode. 
A tube in the form of an L was connected to a tap of water. The reaction 
of the solution dialysed could be regulated by the intensity of the suction. 

1 H. Bechhold: Z. physik. Chem., 60 , 257 (1907). 
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When the colloid solution contained a large quantity of electrolytes it was 
necessary to augment the distance of the silver electrode from the parch¬ 
ment membrane to avoid warming and so coagulating. 

With regards to the remaining characteristics the method of dialysing and 
the functional capacities were equal to the apparatus of Bechhold. 

The mounting of the apparatus can be seen from the sketch, Fig. i. 

Summary 

An article on an apparatus for an electro ultrafilter easily mounted and 
for common use. 

Division of Physical-Chemistry of the 

Instituto Butantan, 

Sao Paulo , Brazil. 
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